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Abstract
Deformation and metamorphism of rocks are fundamentally interrelated but the ways
in which processes of reaction and deformation mutually influence each other are still
poorly understood in natural rocks. The aim of this thesis is to investigate relation-
ships between plastic deformation and mineral reactions, by means of rock deformation
experiments. Within this broad aim, the thesis focuses on (1) the spatial distribution of
deformation and reaction during ductile shear, (2) the effect of mineral reactions on the
strength, deformation mechanisms and microstructures of dry rocks and (3) the effect
of ductile shear deformation on kinetics and mechanisms of a dry net-transfer reaction.
To these ends, water-deficient plagioclase-olivine composites were studied after shear
deformation and hydrostatic experiments inside and outside their chemical stability
fields, using a Griggs apparatus. Experiments were performed on anorthite-forsterite
(An92-Fo93) and labradorite-forsterite (An60-Fo93) composites at 900
◦C, confining pres-
sures between 1000-1600 MPa and with constant shear strain rates of γ˙ ∼5x10−5s−1.
The hydrostatic and deformed samples were examined by backscattered scanning elec-
tron microscopy (BSEM) and transmission electron microscopy (TEM).
At all chosen confining pressures, stable labradorite-olivine composites are found
to strain-harden during shear deformation, up to stresses close to the brittle-plastic
transition (τ ∼500-780 MPa). Pure olivine and labradorite samples are less strong
(τ ∼350 and 100 MPa, respectively) than the labradorite-olivine composites. The pure
olivine sample displayed low temperature plasticity, accompanied by some dynamic
recrystallisation. The hardening of the labradorite-olivine composites is probably due
to the inhibition of grain boundary migration by inter-phase boundaries, which prevent
recovery. The prevention of recovery results in labradorite and olivine grains with local
high dislocation densities.
At all chosen confining pressures, concurrent plastic deformation and reaction of
metastable anorthite-olivine composites results in a pronounced decrease in shear stress
(τ ∼150 MPa). The onset of weakening coincides with the formation of fine-grained
polyphase reaction products (size ∼0.25-1.0 µm). The onset of steady-state flow (γ >5,
τ ∼200 MPa) is characterised by the coalescence of these products into interconnecting
layers. The fine-grained reaction products deform by grain size sensitive creep.
Fabric analysis using the autocorrelation function shows a strong correlation on a
sample scale between reaction progress and strain; large shear strain is locally associ-
ated with high reaction progress. On a grain scale the applied strain is localised and
accommodated in the interconnecting layers of reaction products. Strain accommod-
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ation in reaction product layers reduces the strain rate in the reacting anorthite and
olivine grains, which, as a result, are able to undergo recovery by dislocation climb.
The reaction weakening mechanism in anorthite-olivine composites is grain size re-
duction by crystallisation of fine-grained polyphase reaction products, which deform
by diffusion-accommodated grain boundary sliding. The reaction causes a change in
deformation mechanism from grain size insensitive creep of the anorthite-olivine com-
posite to grain size sensitive creep of reaction products. The measured reduction of
shear stress at a constant strain rate confirms this change in the dominant deformation
mechanism of the samples.
The growth rates of enstatite and pyroxene-spinel-garnet reaction rims observed
around olivine and plagioclase indicate that reaction at hydrostatic and water-deficient
conditions is controlled by the limited transport of chemical components. The amount
of pressure overstepping in the experiments affects the reaction progress because the
rate of nucleation increases exponentially with the Gibbs free energy of reaction (the
amount of pressure overstepping for pressure-sensitive reactions). Nevertheless, the
studied reactions display a delayed onset of nucleation of new phases (30 to ∼80 hrs),
even at pressure overstepping of 700 to 900 MPa.
The plastic deformation of anorthite-olivine composites was found to enhance the
studied mineral reactions at water-deficient conditions. This enhancement is shown by
the increase of reaction progress as well as the increase of the nucleation and growth
rates of reaction rims during deformation. The reaction between anorthite and olivine is
enhanced by an increase in the nucleation rate of new phases. The increased nucleation
rate may be due to high dislocation densities in the reactant grains that deform by
low-temperature plasticity. The mechanical transport of reaction products by grain
boundary sliding may change the local equilibrium conditions, which, in combination
with slow diffusion and fast nucleation, results in the formation of metastable kyanite.
In summary, this experimental study shows that concurrent plastic deformation
and reaction processes in plagioclase-olivine composites positively influence each other:
rheological weakening may result from mineral reactions, and the localisation of reaction
progress in shear zones can be enhanced by plastic deformation. The results of this
thesis imply that concurrent deformation and reaction at water-deficient conditions are
of major importance in explaining how and why strain localisation occurs in polyphase
rocks under a large range of geological conditions.
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Chapter 1
Introduction
...augite appears to be the stable form at high temperatures, hornblende at low temper-
atures, so that any condition tending to facilitate molecular readjustment at ordinary
temperatures must necessarily tend to facilitate the change from augite to hornblende.
The enormous pressures brought into operation in the process of mountain-making may
not unreasonably be supposed to supply such conditions. (Teall, 1885)
1.1 General background
The fundamental interrelationship between plastic deformation of rocks, e.g. deform-
ation producing permanent alterations in the shape of the rock, and metamorphism,
e.g. the recrystallisation of new mineral phases in response to changes in temperature,
pressure or volatile content, has long been recognised by many Earth scientists (e.g.
Teall, 1885; Zwart, 1963; Mitra, 1978; Brodie and Rutter, 1985; Steffen et al., 2001).
The extent of mineralogical changes may mirror the intensity of rock deformation:
metamorphic reactions are often localised in narrow zones of concentrated deformation,
i.e. shear zones, while there is limited or no reaction progress in the undeformed country
rock (e.g. Kerrich et al., 1980; Marquer et al., 1985). Our understanding of concurrent
deformation and reaction processes is of major importance in explaining how and why
ductile deformation becomes concentrated in narrow shear zones in the crust and upper
mantle (e.g. White et al., 1980; Brewer et al., 1983; Rutter and Brodie, 1988b; Handy,
1989; Drury et al., 1991; Vissers et al., 1991).
Deformation and reaction processes may be mutually dependent. On the one hand
syndeformational mineral transformations exert a control on the deformability of rocks
(e.g. White and Knipe, 1978). Metamorphic reaction may cause strain weakening,
3
4thus contributing to the formation of ductile shear zones. A rock weakening process is
essential for preventing a shear zone from widening into the country rock (e.g. White
et al., 1980). On the other hand deformation may contribute to mineral reactions in
high-grade metamorphic rocks (e.g. Wintsch, 1975, 1985) and enhance the rate of re-
equilibration of a rock system to new external conditions. Thus, deformation processes
can hinder the preservation of metastable rocks (e.g. Rubie, 1990b) or lead to a positive
feedback of further enhanced deformation (e.g. Tsurumi et al., 2003).
The main reaction weakening mechanisms have been reviewed by White and Knipe
(1978), Rubie (1983), Brodie and Rutter (1985), Rubie (1990a) and Rutter and Brodie
(1995). The crystallisation of fine-grained reaction products, so-called neocrystallisa-
tion, is considered to be the most significant reaction weakening mechanism. Studies
of peridotite (e.g. Newman et al., 1999), granite (e.g. Kerrich et al., 1980) and eclogite
shear zones (e.g. Koons et al., 1987) proposed that deformation tends to be localised in
interconnecting layers and aggregates of fine-grained reaction products. The products
accommodate deformation by non-frictional grain boundary sliding, e.g. grain size sens-
itive creep (e.g. Boullier and Gueguen, 1975). Also, the rate of deformation (i.e. strain
rate) is inferred to be higher in deforming reaction products (e.g. White, 1979). The
mineral transformations can be facilitated by an influx of water as well as a brittle
precursor in the initial stages of deformation (Fitz Gerald and Stu¨nitz, 1993; Stu¨nitz
and Fitz Gerald, 1993; Handy and Stu¨nitz, 2002). Most studies suggest that the meta-
morphic grain size reduction induces a change in the deformation mechanism from grain
size insensitive dislocation creep of the reactants to grain size sensitive diffusion creep
of the products. A general rheological weakening is inferred to be associated with this
reduction in grain size (e.g. Poirier, 1980; Hobbs et al., 1990; de Bresser et al., 2001).
Apart from neocrystallisation, other reaction weakening mechanisms include (1) the
formation of new weak phases that deform more easily by crystal plasticity (Mitra, 1978;
White and Knipe, 1978; Rubie, 1990a), (2) an increase of pore pressures during dehyd-
ration reactions, which can lead to brittle failure (Murrell and Ismail, 1976; Rutter and
Brodie, 1988a; Paterson, 1989; Olgaard et al., 1995) and (3) transformation-enhanced
intracrystalline plasticity (e.g. Poirier, 1985; Meike, 1993).
The occurrence of high reaction progress in permeable shear zones is often attributed
to the infiltration of water (e.g. Austrheim, 1987; Klaper, 1990; Keller et al., 2004),
because a hydrous fluid is an extremely effective catalyst in mineral reaction and mass
transport (e.g. Rubie, 1986). However, shear zones in upper mantle peridotites (e.g.
Newman et al., 1999) and granitic basement rocks (e.g. Kerrich et al., 1980) demonstrate
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that metamorphic reactions also localise in shear zones during ductile deformation under
water-deficient conditions. Basement rocks can be dry for long periods of time under
metamorphic conditions, with only short and localised periods of fluid infiltration (e.g.
Rubie, 1986), and a different facilitation of metamorphic reactions is required when
shear zones do not act as a conduit for fluids.
Ductile deformation processes themselves appear to affect reaction kinetics by the
generation and movement of dislocations and grain boundaries in minerals. Nucleation
of new phases on dislocations is energetically favourable (e.g. Cahn, 1957; Snow and
Yund, 1987). The free energy stored in dislocations provides additional driving poten-
tial for chemical reactions (e.g. Brodie, 1980; Stu¨nitz, 1998). Plagioclase experiments
showed that the migration of high-angle grain boundaries provides high diffusivity paths
for the rapid exchange of chemical components during dynamic recrystallisation (Yund
and Tullis, 1980, 1991). Tectonic grain size reduction of reactant phases by dynamic
recrystallisation results in small grains with high surface area, which may facilitate
the nucleation of new phases. Fine-grained materials also have a greater volume of
grain boundaries, which decreases the diffusion distances of chemical species. The
non-hydrostatic stress conditions during deformation may influence the local reaction
equilibrium conditions (e.g. Simpson and Wintsch, 1989; Shimizu, 1992; Wheeler, 1987).
Unfortunately, it is often difficult to thoroughly assess concurrent metamorphic and
deformation processes in natural rocks because the complete strain history is seldom
recorded. Microstructures may also be overprinted as a result of later thermal, volatile
and tectonic events (e.g. Rubie and Thompson, 1985). Most geological studies can only
assess the relative timing of deformation and metamorphism (e.g. Spry, 1969; Vernon,
1977).
The interactions between chemical and physical processes in rocks can be studied
well in laboratory experiments, because the rheology, deformation mechanisms and re-
action kinetics of rocks can be examined under controlled and/or simplified conditions.
The resemblance of microstructures produced in experiments to those of naturally de-
formed rocks can be used to infer chemical and deformation processes under natural
conditions. So far, experimental studies on the effects of reaction on deformation have
focused on dehydration reactions (e.g. Raleigh and Paterson, 1965; Murrell and Ismail,
1976; Rutter and Brodie, 1988a; Olgaard et al., 1995), hydration reactions (Rutter et al.,
1985; Stu¨nitz and Tullis, 2001), and polymorphic phase transitions (e.g. Burnley and
Green, 1989; Kirby and Stern, 1993; Meike, 1993; Green and Houston, 1995; Schmidt
et al., 2003).
6Serpentinite dehydration experiments with controlled pore pressures showed a sig-
nificant weakening at 500 and 600◦C at low strain rates in association with the onset
of dehydration to olivine (Brodie and Rutter, 1987; Rutter and Brodie, 1988a). The
enhancement of deformability was interpreted as due to the formation of small zones
of fine-grained olivine reaction products that deformed by grain size sensitive creep.
These experiments point to possible weakening effects of dehydration reactions on the
rheology of the crust during prograde metamorphism (e.g. Rubie, 1990a).
Stu¨nitz and Tullis (2001) studied the hydration reaction of plagioclase to zoisite
during shear deformation. They observed that wet samples undergoing reaction were
weaker than unreacted dry samples at the same experimental conditions. The de-
formation was localised in narrow shear bands of fine-grained reaction products, which
deformed by a granular flow mechanism. They suggested that the plagioclase-zoisite re-
action initiated an important weakening mechanism during deformation of plagioclase-
bearing rock. In nature, however, the plagioclase hydration reaction is dependent on
aqueous fluid infiltration and will only happen when fluid infiltration of the rocks is
made possible by pre-existing cracks and micro-fractures.
Experimental studies on the effect of polymorphic reactions in single crystals primar-
ily focused on weakening of rocks by transformation plasticity (e.g. Meike, 1993; Schmidt
et al., 2003). Most mineral transformations involve volume changes, which can gener-
ate local deviatoric stresses at the grain-scale. Such stresses may assist intracrystalline
plastic flow. Experiments have demonstrated a clear minimum of the creep strength of
quartz at the α-β quartz transition (e.g. Schmidt et al., 2003). The authors inferred
that polymorphic phase transformations could cause a localised reduction in strength of
rocks. Other works suggest that reacting minerals under stress can result in transform-
ation faulting, which is a candidate for earthquakes in deeply subducted lithosphere
(e.g. Kirby, 1987; Burnley and Green, 1989; Green and Houston, 1995).
The effect of deformation on nucleation rates, growth kinetics and microstructural
development during a net transfer reaction with polymineralic reactants and products
is virtually unknown. There are no systematic experimental studies on the effect of
deformation on the kinetics of chemical reactions in rocks except for studies on poly-
morphic transformations (e.g. Davis and Adams, 1965; Doukhan and Christie, 1982;
Snow and Yund, 1987). Kinetic studies on the calcite-aragonite and sillimanite-kyanite
transitions proposed an enhancement of nucleation rate by ductile deformation because
increased dislocation densities may lead to an increase of stored plastic strain energy
of the minerals (Davis and Adams, 1965; Doukhan and Christie, 1982). Snow and
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Yund (1987) observed a ductile deformation-enhanced transformation from calcite to
aragonite. The rate of transformation to aragonite was enhanced because of the in-
creased nucleation sites at dislocations and subgrain boundaries that formed during
dislocation creep of calcite. The reverse transformation to calcite was inhibited by de-
formation. Dynamic recrystallisation of aragonite resulted in a substantial grain size
reduction. Although the number of nucleation sites increased by the formation of new
grain boundaries, the overall transformation decreased because calcite grains could not
grow across high-angle aragonite grain boundaries.
1.2 Aim and scope of the study
Two main problems can be distinguished: First, it is generally assumed that reaction
weakening of rocks occurs because the crystallisation of fine-grained reaction products
changes the dominant deformation mechanism from grain size insensitive creep to grain
size sensitive creep. The experimental evidence for this mechanism comes primarily
from hydrous reactions, although the localisation of deformation in the upper mantle
and lower crust seems to occur under water-deficient conditions. Furthermore, the
decrease in strength of the reacting rock during a change in deformation mechanism
has never been directly linked to the occurrence of a metamorphic grain size reduction.
Secondly, field studies demonstrate that reaction can be localised by ductile deformation
in dry natural shear zones. However, the effects of plastic deformation on the nucleation
and growth kinetics of a net transfer reaction are virtually unknown.
This thesis aims to address the above problems. The objective is three-fold:
1. To investigate the relation between the distribution of strain and metamorphic
reactions in a ductile shear zone.
2. To investigate the effects of mineral reactions on the strength, deformation mech-
anisms and microstructures of nominally dry rocks.
3. To investigate the effects of ductile shear deformation on the reaction kinetics,
mechanisms and microstructures in nominally dry rocks.
In order to achieve these aims, general shear deformation and hydrostatic experiments
were performed on plagioclase-olivine composites in and outside the stability fields of
the plagioclase-olivine paragenesis.
The rheological properties of pure plagioclase and olivine are well known from other
experimental studies (plagioclase: Tullis and Yund (1985); Stu¨nitz and Tullis (2001);
8Rybacki and Dresen (2000), olivine: Karato et al. (1986); Chopra and Paterson (1981);
Hirth and Kohlstedt (2003)). Therefore, the deformation of reacted and unreacted
plagioclase-olivine composites can be compared with the deformation of pure plagio-
clase and olivine aggregates. The general aspect of the plagioclase-olivine deformation
experiments is that the mechanical strength and microstructure of the composites dur-
ing syndeformational reactions provide information on reaction weakening and strain
partitioning in rocks.
Mineral reactions between plagioclase and olivine produce pyroxene-, spinel- and
garnet-bearing assemblages. The plagioclase-olivine phase relationships are approxim-
ately known from petrological experiments on peridotite phase transitions (e.g. Kushiro
and Yoder, 1966; Jenkins and Newton, 1979; Gasparik, 1984; Klemme and O’Neill,
2000) because the chemical equilibrium necessary to obtain typical observed mantle
assemblages is difficult to achieve under dry conditions.
A set of hydrostatic comparison experiments has been carried out at the same pres-
sure and temperature conditions as the deformation experiments. The direct compar-
ison of deformed and undeformed plagioclase-olivine composites is aimed to provide
understanding of fundamental processes in deformation and metamorphism of rocks,
that is, to study the effect of deformation on nucleation, reaction kinetics and micro-
structures of the mineral transformation process.
The results of the experiments with plagioclase-olivine composites have applications
to processes in natural peridotitic rocks. Reactions in the peridotite system are import-
ant for controlling the deformation of the upper mantle during crustal thinning and
the deformation of oceanic crust and upper mantle lithologies during subduction (e.g.
Drury et al., 1991; Vissers et al., 1995).
This thesis presents an extensive dataset on the strength, the deformation and reac-
tion mechanisms and the microstructures of stable and metastable plagioclase-olivine
composite rocks. These data provide an insight into metamorphism and deformation
in the Earth’s crust and upper mantle and will contribute to our understanding of
naturally deformed and metamorphosed rocks in general.
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1.3 Organisation of the thesis
This is a cumulative thesis, organised around three studies that are to be published
separately in international Earth sciences journals (Chapters 3, 4 and 5). Each of these
chapters can be read as an individual manuscript.
• Chapter 3 (‘Spatial correlation of deformation and mineral reaction in experi-
mentally deformed plagioclase-olivine aggregates’) focuses on the quantification
of strain and the distribution of reaction in sheared plagioclase-olivine compos-
ites, in order to demonstrate the interdependence of reaction and deformation.
To determine the correlation between finite strain and the extent of reaction, the
microstructures of the samples were analysed using the autocorrelation function.
This study is accepted for publication in Tectonophysics (Elsevier).
• Chapter 4 (‘Reaction-induced weakening of plagioclase-olivine composites’) ad-
dresses the effects of mineral reaction on the strength and deformation mechanisms
of plagioclase-olivine composites. Plagioclase-olivine composites were deformed
in and outside the stability field of the plagioclase-olivine paragenesis. The exper-
imental samples are described in terms of strength, microstructures, deformation
mechanisms and reaction progress. This study is to be submitted for publication
in the Journal of Geophysical Research (American Geophysical Union).
• Chapter 5 (‘Reaction mechanisms and kinetics during plastic deformation of
anorthite-olivine composites’) focuses on the effects of shear deformation on the
reaction kinetics and microstructures of mineral transformation processes. Based
on the extended dataset of Chapter 4, a microstructural and kinetic comparison
is made between hydrostatic and syndeformational reaction in anorthite-olivine
composites. The experimental samples are described in terms of phase relation-
ships, reaction progress and reaction mechanisms. This study is to be submitted
for publication in Contributions to Mineralogy and Petrology (Springer-Verlag).
The main conclusions of the entire thesis and directions for future research are summar-
ised in Chapter 6. The applied laboratory techniques for the preparation and execution
of experiments on plagioclase-olivine composites in a Griggs apparatus are described in
Chapter 2. The compilation of all experiments and analyses in Appendices A, B and C
complete this work.

Chapter 2
Experimental techniques
This chapter covers the experimental techniques that were used to prepare and run
shear deformation experiments on plagioclase-olivine composites. The experiments
were performed at the laboratories of Basel University, Switzerland and Brown Uni-
versity, U.S.A.. First, the methods are described that were used to prepare dense
olivine-plagioclase samples, starting with the preparation of pure olivine and plagio-
clase mineral separates with a specific grain size and the mixing of both minerals to
obtain a plagioclase-olivine powder. Secondly, a description of the sample assembly
is given, illustrating how the sample assemblies were adapted for the conditions of the
experiments. The third section briefly describes the deformation apparatus and the pro-
cedure for a typical experiment. The fourth section describes a series of grain growth
experiments using a plagioclase-olivine mixture. The goal of these experiments was to
determine the optimal pressure, temperature and time conditions for grain growth in
the plagioclase-olivine mixture necessary for obtaining dense plagioclase-olivine rock
samples. The last sections summarise the experimental problems and propose possible
directions for future research.
2.1 Sample preparation
2.1.1 Mineral separation
The plagioclase-olivine samples were prepared from natural rock-forming minerals:
anorthite (An92) from the Blumone gabbro (Adamello, Italy), labradorite (An60) from
Sonoran single crystals (Sonora, Mexico) and olivine (Fo93) from the A˚heim dunite
(A˚heim, Norway). Except for the labradorite single crystals, anorthite and olivine were
separated from their source rock using mineral separation techniques as described by
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Hutchison (1974, chap.5). The steps in the mineral separation are illustrated in Figures
2.1 and 2.2.
Anorthite from Blumone gabbro
Blumone gabbro was used as a source rock because it contains unaltered and very
fresh anorthite. It is composed of oxides (5%), pyroxene (50%) and anorthite (45%).
Anorthite was primarily retrieved using magnetic separation because the oxides and
pyroxene have relatively high magnetic susceptibilities compared to feldspars and pla-
gioclases. The entire separation was performed in four steps. First, the rock was
carefully crushed by a hammer in order to produce rock fragments passing through a 1
mm sieve. The use of a metal hammer did not result in any metal contamination in the
final product. A hand magnet was used to remove the strongly magnetic material (Fig.
2.1a). The residual material was further crushed using an alumina or agate mortar
until the rock fragments passed through a 0.5 mm sieve.
The rock powder was processed using a Frantz Isodynamic type magnetic separ-
ator. Satisfactory results were obtained when configuring the magnetic separator with
4 Amps, a side tilt of 5◦ and a forward slope of 15◦ (Fig. 2.1b). Material with a high
magnetic susceptibility is pulled up-slope into the filter tunnel, whereas dominantly
anorthite-bearing grains move down-slope. The vibration of the filter tunnel was in-
creased when fine-grained rock powder passed through the apparatus. As a third step,
the anorthite and/or anorthite-bearing grains were reintroduced into the magnetic sep-
arator using 10 Amps to extract oxide-contaminated anorthite grains.
As a final step, the anorthite fraction was examined under the microscope and
remaining impurities were removed manually (Figs. 2.1c,d). The procedure described
above proved to be effective, although the amount of anorthite retrieved from Blumone
gabbro was relatively small mainly because anorthite was strongly intergrown with
other minerals.
Olivine from A˚heim dunite
A˚heim dunite consists of olivine (80%), pyroxene (10%), oxides and hydrous minerals
(5-10%) such as clinochlore, serpentine and talc (Jackson et al., 1992). Olivine was
extracted using magnetic, density and manual separation. Specimens of A˚heim dunite
were crushed using a hammer to produce small 0.5 cm fragments. These fragments
were further reduced to 0.5-1 mm sizes using an agate disk mill.
Magnetic separation removed the more magnetically susceptible olivine from most
Chapter 2 Experimental techniques 13
Figure 2.1: Separation of anorthite from Blumone gabbro. The images show minerals that
were removed in each step of the separation. A mixture of pyroxene and oxides (dark,
brown) and anorthite with inter-growths (white/transparent) were first removed by (a) hand
magnet and (b; left) using a magnetic separator at 4 Amps. (b; right) Anorthite grains
(white/transparent) with intergrown minerals (dark) were separated with 10 Amps in the
magnetic separator. (c) Remaining anorthite grains with impurities were handpicked under
the stereo microscope. (d) The pure Blumone gabbro anorthite used in this study.
of the sheet silicates, using 2 Amps, a side tilt of 6◦ and a forward slope of 15◦ (Fig.
2.2a). The extracted olivine-bearing material was then put into a flat bowl containing
some acetone. By gently shaking the bowl, a large portion of the sheet silicates could
be separated from the olivine as these flaky minerals are transported faster in the
acetone current. Additionally, density separation was applied (Hutchison, 1974, chap.5)
to remove all remaining small sheet silicate fragments, using bromoform as the high-
density liquid (ρ=2.89 g cm−3). Olivine (ρ=3.29 g cm−3) sinks through bromoform
whereas the sheet silicates remain at the liquid surface (Fig. 2.2b). As many oxides
remained, both attached to olivine and as separate particles (Fig. 2.2c), olivine grains
were separated manually as well (Fig. 2.2d).
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Figure 2.2: Separation of olivine from A˚heim dunite. The images show minerals that were
removed in each step of the separation. (a) Flakes of sheet silicates (pink; size ∼1.0 mm)
removed using a magnetic separator. (b) Finer-grained hydrous minerals (pink; size <0.5 mm)
and white granular grains (possibly pyroxene/amphibole) were removed by density separation
in bromoform. (c) Oxides, some pyroxene (black; size <0.2 mm) and oxide-contaminated
olivine (transparent) were handpicked under the stereo microscope. (d) The pure A˚heim
dunite olivine used in this study.
2.1.2 Grain size separation
Pure olivine, anorthite and labradorite were ground to fine powders using an alumina
mortar. These powders were then sorted within 2-6 and 4-10 µm ranges using a sed-
imentation method based on Stokes’ law of settling. Stokes’ law of settling, valid for
small grains whose shape approximates a sphere, is given by:
vs =
(ρmin − ρliq) · g ·D2
18 · η (2.1)
in which vs is the settling velocity (cm s
−1), g the acceleration of gravity (980 cm s−2),
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ρmin and ρliq the densities of the mineral and fluid (g cm
−3), D the diameter of the grain
(cm) and η the viscosity of the liquid (g cm−1s−1). The time required for a particle to
settle over a vertical distance x is calculated using vs.
Ethanol was used for olivine settling because ethanol has better grain wetting prop-
erties than water and therefore does not cause clustering of fine olivine grains. Anorthite
and labradorite were settled in distilled water. The advantage of distilled water over
de-ionized water or tap water is that the latter still contain gypsum and other impur-
ities. The sedimentation times that were calculated using equation 2.1, as well as the
properties of the minerals and liquids, are given in Table 2.1.
Grain size Liquid: water Liquid: ethanol
(µm) An92 An60 Fo93 An92 An60 Fo93
10 18 19 14 19 19 15
9 23 23 17 23 24 18
8 29 30 22 29 30 23
7 38 39 29 38 39 30
6 51 53 39 52 54 41
5 74 76 56 75 77 58
4 116 119 87 118 120 91
3 206 211 155 209 214 162
2 462 475 350 471 482 365
1 1850 1899 1398 1883 1928 1461
Table 2.1: Sedimentation times
for anorthite (An92), labrador-
ite (An60) and forsterite (Fo93)
powders. Times in minutes are
calculated for 1-10 µm particles
and a sedimentation distance of
10 cm. Viscosities (η · 10−3 Pa s
at 20◦C): water = 1.0530, ethanol
= 1.200. Densities (ρ · g cm−3):
water = 0.998, ethanol = 0.790,
An92 = 2.741, An60 = 2.696, Fo93
= 3.304.
Method
Glass beakers of 500 ml (beaker height = 10 cm) containing the ground mineral powder
were filled halfway with the settling liquid. While holding the beaker inside a water-
filled Ultrasonic Test Sieve Cleaner (Haver USC 200-90, by Haver & Boecker), the
powder was thoroughly stirred using a spatula (plastic preferred over metal) for about
five minutes. The beaker was then taken out of the sieve cleaner, filled up to the settling
distance (10 cm) and left untouched for the settling time of the largest grain size range
of interest. The suspension was then siphoned off until 1 cm of suspension was left in
the beaker. The removed suspension was transferred to a second glass beaker, which
was held in the ultrasonic stirrer again and refilled with fluid up to the settling distance.
The second beaker now contains a grain size fraction ranging from the largest desired
grain size up to the smallest. It was left for the time needed to settle the smallest grain
size of interest; the suspension was again siphoned off into a third beaker.
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After these steps, in the case of a 4-10 µm settling session, beakers 1, 2, and 3 will
now contain powders with grain sizes of >11-10 µm, 4-10 µm and <4 µm, respectively.
All powders were dried in an oven to hasten evaporation of the liquid, but they were
removed from the oven when still moist because complete oven drying results in hard,
fine-grained crusts. The moist powders were air-dried and collected. The residual
coarse-grained powders were reground and resettled.
Very fine-grained lenses consisting of <1 µm plagioclase and olivine grains were
observed in the first samples of this study (Fig. 2.3a, experiments W976 to W1015,
Appendix A). These samples were prepared from 2-6 µm powders and the method
described above. In order to eliminate such unwanted fine-grained fractions in later
samples, 4-10 µm powders were settled repeatedly until the settling liquid appeared
clear and transparent.
2.1.3 Mixing of plagioclase and olivine
Powder mixtures were prepared with anorthite-olivine and labradorite-olivine in a 1:2
molar ratio. This is the molar ratio in which forsterite (Fo100) and anorthite (An100)
react in the CaO-MgO-Al2O3-SiO2-system. The shear strain and shear strain rate in
constant displacement deformation experiments depend on the thickness of the sample.
In order to compare the plagioclase-olivine experiments with the plagioclase experi-
ments of Stu¨nitz and Tullis (2001), the sample thickness was intended to be identical
to those experiments (0.5 mm). In order to attain this thickness, a volume of 70 mg of
Sonoran labradorite was used as the reference volume for one plagioclase-olivine sample.
Table 2.2 shows how many grams of each mineral powder were needed to obtain the
molar ratio and the required volume.
An60 An92 Fo93 Fo93 An92 Fo93 An60
Mol 1 1 1 2 1 2 1
Mol. weight(∗) 271.815 276.930 145.110 290.220 276.930 290.220 271.815
Density (g cm−3) 2.696 2.741 3.304 3.304 2.741 3.304 2.696
Weight % 100.00 100.00 100.00 51.17 48.83 51.64 48.36
Volume (*10−2cm3) 2.597 2.597 2.597 2.597 2.597
Volume % 100.00 100.00 100.00 46.51 53.49 46.56 53.44
Weight (mg) 70.00 71.17 85.40 39.90 38.07 39.94 37.41
Table 2.2: Molar, volume and weight ratios for olivine and plagioclase powders used for
preparation of samples. The volume and weight ratios of 1 sample are based on the volume
of 70.0 mg An60. (* 1 AMU = 1.66*10−24 gram)
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Method
Mineral powder for about 4 to 5 samples was weighed out for each mixing session. The
powders were put into a small 10 ml beaker together with a small amount of acetone
to create an acetone-plagioclase-olivine slurry. The beaker was held repeatedly in a
water-filled ultrasonic stirrer for 2 minutes while the slurry was continuously stirred
with a spatula. This procedure caused olivine and plagioclase to mix during the slow
evaporation of acetone. It was not possible to let the acetone evaporate completely
inside the ultrasonic stirrer because the powder mixture would eventually fume out
of the beaker. Therefore the beaker was quickly placed inside a hot oven at 110◦C
which caused immediately boiling of acetone and fast drying of the powder (‘acetone
quenching’). The powder mixture was stored in the oven until processed further and it
was occasionally stirred with a spatula.
In the beginning of this study, ethanol and distilled water were used for the mixing
method instead of acetone. A larger 50 ml beaker was used with more liquid but
the same amount of powders. A centrifuge was used to remove the liquid from the
mixture. This resulted in an unequal dispersion of olivine and plagioclase inside the
mixtures as well as a grain size sorting, even on a micrometer scale. These effects are
demonstrated by the presence of very fine-grained lenses and crusts in the end-product
rock samples (Fig. 2.3a). The advantage of using acetone as a mixing fluid is that
it has better wetting properties than water and ethanol. In the ‘acetone quenching’
method described above, the fine-grained minerals have less time and space to settle in
the slurry and therefore there is not as much grain size sorting.
In most of the samples, plagioclase and olivine of all grain size ranges mixed very
well. However the problem of grain size variations and phase partitioning remained
to some extent in all samples despite the efforts made (Fig. 2.3). A different method
would be advisable in future work (section 2.5).
2.1.4 Forcing blocks
For each experimental sample approximately 78 mg of the plagioclase-olivine powder
mixture was placed between two forcing blocks. The forcing blocks are cylindrical cores
(diameter = 6.3 mm), cut at 45◦ to the cylinder axis. The forcing block surface was
either plain or had small shallow grooves perpendicular to the shear direction. The
grooves served to maintain a good grip on the sample during the experiment. Olivine-
rich materials were chosen for the forcing blocks because they do not contain additional
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Figure 2.3: Examples of plagioclase-olivine samples with irregularities produced by sample
preparation (BSEM-images). The irregularities persist through the experiments and may have
been enhanced by deformation. (a) Sample W983 showing lenses and crusts (arrows) of <1
µm sized labradorite and olivine grains. The crusts often have an internal grain size gradation.
(b) Detail of the partially reacted matrix in sample W1041. The center of the image is rich in
elongated anorthite grains (arrows) whereas the top and bottom dominantly contain coarser-
grained olivine. (c) Coarse-grained olivine clasts (size ∼40 µm; dark, arrow) and fine-grained
reaction products (size <1 µm, bright) form layers across sample 28AA. Shear bands have
developed. (d) Large labradorite lenses in sample 42AA contain finer-grained olivine (arrows).
The lenses are adjacent to coarser grained olivine clusters.
chemical components such as aluminium. Hot pressing of the plagioclase-olivine powder
between the olivine-rich forcing blocks resulted in a good bonding of the sample with
the forcing blocks.
Three different materials were tested as forcing blocks: (1) A˚heim dunite, (2) San
Carlos single crystal olivine and (3) Balsam Gap dunite. Tables A.1 and A.2 in Ap-
pendix A list which material was used in each experiment. Balsam Gap dunite was
found to be the most useful forcing block material. It contains few impurities, and any
serpentine present on olivine grain boundaries was easily dehydrated during the heat
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treatment (see following section). Its only disadvantage was occasional fragmentation
during preparation. Large olivine grains tended to chip off and break during coring,
cutting, polishing and drying.
Forcing blocks were easily prepared from A˚heim dunite. However this material
was not favoured because it contains numerous hydrous minerals, which are difficult
to completely break down during heat treatment (Jackson et al., 1992). Therefore
A˚heim dunite forcing blocks may have influenced the water content of the samples.
One experiment was performed using San Carlos single crystal olivine forcing blocks
(17AA, Table A.1). The pistons were difficult to core due to the small size of the San
Carlos crystals. It was also difficult to orient the cleavage planes inside the crystals into
a hard slip orientation with respect to the main compression direction. Therefore San
Carlos single crystals were not used in later experiments.
2.1.5 Jacket and heat treatment
The dunite forcing blocks and sample powders were placed in a jacket of nickel foil (Fig.
2.4). This inner Ni jacket served as an oxygen fugacity buffer of the sample during the
experiment (Ni-NiO buffer). An outer Ni tube was used in experiments W975 to W1015
(Appendix A). The Ni tube overlapped the zirconia pistons, creating support and a
good vertical sample alignment (Fig. 2.4a). These samples were dried for 6 hours at
1000◦C in a CO-CO2 gas flow mixture at atmospheric pressure. CO-CO2 gas was used
to prevent oxidation of the sample and jacket at high temperatures. CO and CO2
gases were mixed in 4.68-95.32 vol.% and 3.88-96.22 vol.% ratios, which correspond to
oxygen fugacities of fO2=0.3116·10−12 (900◦C-1000 MPa) and fO2=0.493·10−12 (900◦C-
1500 MPa), respectively.
Folding the inner Ni foil over a bottom and top Ni foil disk after the heat treatment
sealed the inner Ni jacket. The disadvantage of this ‘mechanically’ sealed Ni-Ni jacket
is the poorly controlled water content in the jacket before and during the experiments.
Samples using this type of jacket were put into the sample assembly as quickly as
possible after the heat treatment.
The Ni tube was replaced with a Pt tube in subsequent experiments W1026 to
W1047 (Appendix A). The Pt tube could be weld sealed using platinum cups on both
ends of the sample, which enabled a better control on the water content of the sample
(Fig. 2.4b). The Pt tube and cups were welded together prior to the heat treatment,
leaving a needle-sized hole open on both sides of the jacket to allow water to escape
from the sample during drying. These samples were dried for 12 hours at 1000◦C
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Figure 2.4: Schematic drawings of
the sample jackets. (a) Mechanic-
ally sealed Ni-Ni jacket. (b) Weld
sealed Ni-Pt-Ni jacket. Length of in-
ner Ni foil jacket = 3 mm ‘overlap’
+ 2 mm sample + length of forcing
blocks. Length of outer Ni/Pt tube
= 4 mm ‘overlap’ + 2 mm sample +
length of forcing blocks. (1) 0.15 mm
thick Pt disk, (2) 0.025 mm thick Ni
disks. (3) 2 wraps of inner 0.025 mm
Ni foil (width = 40 mm) folded over
bottom and top Ni disks. (4) 6.3 mm
diameter dunite forcing blocks. (5)
Outer 0.1 mm thick Ni tube overlap-
ping zirconia pistons. (6) Sample. (7)
Outer 0.20 mm thick Pt tube overlap-
ping zirconia pistons. (8) Outer wrap
of 0.025 mm thick Ni foil (width = 20
mm), height = 2 mm sample + length
of forcing blocks. (9) Pt cup of 0.15
mm thick Pt foil. (10) Weld sealed Pt
tube and Pt cup.
in a CO-CO2 gas flow. The small holes were welded shut immediately after drying
to prevent atmospheric water from entering the sample. An additional Ni foil wrap
was put around the platinum tubing, making a Ni-Pt-Ni-jacket, when experimental
temperatures exceeded 900◦C.
Because the plagioclase-olivine powder displayed limited grain growth after hot
pressing at 900◦C (section 2.4), a different drying and jacketing procedure was chosen
for the samples and forcing blocks in experiments 3AA to 55AA (Appendix A). The
sample powder was oven-dried at 110◦C for at least 3 days which created an ‘as-is’
plagioclase-olivine powder with some trace amounts of water. The dunite forcing blocks
were thoroughly dried for 24 hours at 980-1000◦C in a CO-CO2 gas flow. The CO-CO2
gas mixture was made using an Analyt Mass Flow Controller with 0.36 mL min−1 (CO)
and 13.1 mL min−1 (CO2) flow rates (eq. oxygen fugacity at 900◦C-1500 MPa). Drying
resulted in a 0.50-0.75% weight loss of the Balsam Gap dunite forcing blocks due to the
dehydration of hydrous minerals. The as-is sample powder and the dried forcing blocks
were assembled quickly into the weld sealed Ni-Pt-Ni-jacket after the forcing block heat
treatment.
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2.2 Sample assembly
The sample assembly is designed to transmit the confining pressure to the sample inside
it. The assembly fits into a 25.4 mm diameter pressure chamber of the confining pressure
vessel. Two types of sample assemblies were used in this study: (1) a solid salt sample
assembly (SS-assembly, Figs. 2.5 and 2.6) and (2) a molten salt sample assembly (MS-
assembly, Fig. 2.7). Detailed descriptions of both assemblies are given by Tullis and
Tullis (1986), Gleason and Tullis (1995) and Post and Tullis (1999).
In both assemblies the confining medium is sodium chloride. The jacketed sample
fits inside an inner salt liner. The inner salt liner is separated from two larger outer
salt pieces by a graphite furnace sleeve. Two soft-fired pyrophyllite sleeves stabilise the
furnace within the salt liners. The top and bottom of the furnace are in contact with
either copper or graphite disks. The assembly is sealed at the top with a teflon-wrapped
lead piece and a metal packing ring. The outer salt pieces have an outer wrap of teflon
tape that prevents corrosion of the pressure vessel. The bottom of the assembly consists
of an unfired pyrophyllite piece with a central tungsten carbide plug. Zirconia pistons
above and below the sample serve to transmit the applied vertical force to the sample.
The furnace, copper and graphite disks and the base plug are connected to a power
supply, which provides internal heating of the assembly. The temperature is measured
at the sample surface using an S-type Pt-Pt(10%)Rh thermocouple inside protective
mullite tubing. The thermocouple enters the assembly through a crushable alumina
tube inside the base pyrophyllite and reaches the sample through the outer salt, inner
pyrophyllite and graphite sleeves and the inner salt liner. The thermocouple is posi-
tioned at the centre of the sample, perpendicular to the shear direction (Fig. 2.6a). The
thermocouple mullite tubing is sealed at its elbow and tip using a ceramic cement. An
aluminium-oxide ring was inserted inside the graphite-pyrophyllite sleeves to support
the thermocouple inside the furnace during experiments with changes in P-T conditions
(Fig. 2.6b).
An extra graphite can surrounds the sample and the inner salt liner in the MS-
assembly (Fig. 2.7). This configuration allows the containment of molten sodium
chloride at temperatures above 980◦C. The inner salt liner of the MS-assembly is made
shorter than the one in the SS-assembly, by guiding the lower zirconia piston through a
bottom soft-fired pyrophyllite piece. The MS-assembly was used in experiments W1026
to W1047 (Table A.2) in which sample hot pressing was performed at 1050◦C. The
SS-assembly was used in all other experiments.
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Figure 2.5: Scaled drawing of solid salt sample assembly (SS-assembly) for experiments at
Basel University. All lengths in millimetres; vertical lengths may vary with different pressure
vessels and base plates. The inner salt liner consists of three parts, and its ID has a smooth
fit with the 6.34 mm zirconia pistons. The central salt piece was sanded down by hand to
fit the sample. The details of the jacketed sample and forcing blocks are given in Figure 2.4.
Drills: 4.1 mm (crushable alumina), 1.7 mm (mullite tubing in NaCl and sleeves) and 3.2 mm
(aluminium-oxide ring through sleeves).
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Figure 2.6: Photographs of the SS-assembly after an experiment (scale bars = 10 mm). (a)
Sheared sample (1) with the thermocouple bead in its centre (arrow). Thermocouple (2)
passes through an aluminium-oxide ring (3). Other parts: inner and outer NaCl (4+5), outer
pyrophyllite (6), graphite furnace (7), inner pyrophyllite (8) and top zirconia piston (9) inside
a Pt cup (10). (b) Detail of the aluminium-oxide ring (3) inside the graphite furnace (7). The
furnace has radiating cracks.
2.3 High pressure-temperature experiments
2.3.1 Rock deformation apparatus
The experiments were performed in a Griggs-type solid confining medium piston-cylinder
apparatus at Basel University and Brown University. This apparatus, based on the pis-
ton cylinder apparatus of Boyd and England (1960), was designed by D.T. Griggs
(Griggs, 1967). It enables rock deformation experiments up to approximately 2.0 GPa
confining pressure and 1200◦C. A schematic overview of the apparatus is given in Figure
2.8. A detailed description of the apparatus is given by Tullis and Tullis (1986).
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Figure 2.7: Scaled drawing of molten salt sample assembly (MS-assembly) used in experiments
at Brown University. Design after Green and Borch (1989) and Gleason and Tullis (1993).
All lengths in millimetres; vertical lengths may vary with different pressure vessels and base
plates. The inner salt liner consists of two parts; the central salt piece was sanded down by
hand to fit the sample. The details of the jacketed sample and forcing blocks are given in
Figure 2.4b.
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A pressure vessel contains the sample assembly with the rock sample. The confining
pressure is generated in the assembly by pumping down a hydraulic ram which presses
the confining pressure piston, or σ3-piston, into the pressure vessel chamber. The
movement of the hydraulic ram is controlled by pumping oil into oil-chambers above or
beneath the hydraulic ram. The confining pressure around the sample is determined by
external measurement of the oil pressure in the oil-chambers using a pressure transducer
and taking into account the areas of the hydraulic ram and the σ3-piston.
Force is applied on the sample by pressing an inner σ1-piston, which runs concent-
rically through the σ3-piston, onto the sample assembly. The σ1-piston is displaced by
a force actuator, which runs through the hydraulic ram. The force actuator is moved
by a constant rate motor on top of a gear train assembly. By choosing different gear
combinations in the gear train, different rates of constant actuator displacement are
obtained, resulting in different shear displacements rates in the sample shear zone.
The axial displacement of the force actuator is measured using a direct current
differential transformer (DCDT). The axial displacement is recalculated as shear dis-
placement along the sample. The axial load on the sample assembly is measured using
an external load cell located above the hydraulic ram. The differential stress in the
sample is deduced from the axial load by taking into account the surface area of the
forcing blocks.
The temperature inside the pressure vessel was measured using a single thermo-
couple and monitored using a Eurotherm self-tuning temperature controller. The Eur-
otherm controller can be programmed for any desired temperature path. The pressure
vessel and the hydraulic confining pressure ram are cooled with water.
2.3.2 Data processing
The force, displacement and pressure data are recorded as amplified volt signals in
an analogue chart recorder. The data are processed using the Fortran program RigS,
which calculates shear stress and shear strain. The program corrects the raw data for:
(1) elastic distortion of the apparatus with progressive force (distortion correction), (2)
reduction of stress-supporting sample area with progressive shear displacement (area
correction), (3) internal friction of the assembly and sample jacket (friction correction)
and (3) thinning of the sample with progressive shear displacement (thinning correc-
tion). The raw data and the mechanical results of all the experiments as well as the
source code for the RigS-program are given in Appendix B.
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Figure 2.8: Schematic overview of Griggs’
solid medium deformation apparatus after
Tullis and Tullis (1986). (a) Motor. (b)
Gear train. (c) Ball screw. (d) External
load cell. (e) Force ram. (f) Water cool-
ing passages. (g) Oil chamber of hydraulic
ram, connected to an oil pumping system.
(h) Hydraulic confining pressure ram. (i)
Water cooling passages of the pressure ves-
sel. (j) Confining pressure vessel. (k)
DCDT displacement transducer. (l) Base
plate. (m) Apparatus base plate. (n) Force
(σ1) piston. (o) Confining pressure (σ3)
piston. (p) Sample assembly with rock
sample, for details see Figs. 2.5, 2.7 and
2.4.
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2.3.3 Execution of an experiment
This section describes how an experiment is executed using the Griggs apparatus. Al-
though slight differences exist between individual experimental runs, Figure 2.9 shows
a P-T-t path that is representative for most experiments. After the sample assembly
is placed inside the pressure vessel and connected to a base plate, the pressure vessel
is positioned within the deformation apparatus. Both the force and hydraulic ram are
lowered to make contact with the σ3 and σ1 pistons. This is called the ‘initial touch
point’.
The confining pressure is slowly increased in one hour to 50 MPa while manually
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keeping the force ram touching the σ1 piston. At 50 MPa, the water-cooling tubes are
connected to the pressure vessel, the gear train is set to the 10−4 combination (axial
displacement rate ∼1.5x10−4mms−1), the top motor is put in place and the pressure
vessel base plate is connected to the power supply. The pressure is raised to 100 MPa in
± 0.5 hours. The Eurotherm program is switched on using the program setting called
‘path to avoid zoisite’ (Table 2.3, Fig. 2.9) and the temperature is raised to 100◦C using
a ramp rate of 0.5◦Cs−1.
Pressure and temperature are increased alternately, with 0.5-hour breaks between
each temperature ramp before raising the confining pressure. At 400 MPa-400◦C the
force ram is advanced for 0.2 mm. At 500 MPa-600◦C, the force ram is advanced until
the axial load starts to increase nonlinearly with displacement. This procedure is called
the ‘fast run-in’. The force ram is then retracted for ± 0.2 mm to unload the sample.
From 600◦C onward, temperature increase alone causes significant pressure build-up
due to the thermal expansion of salt within the sample assembly. The sample stays
within the anorthite-olivine stability field throughout the entire process of bringing the
sample to high P-T conditions.
The temperature is raised from 900◦C to the hot pressing temperature using a ramp
rate of 0.2◦Cs−1. In experiments with hot pressing temperatures above 965◦C, the
temperature may fluctuate because the melting curve of sodium chloride is crossed
(Fig. 2.9). As a consequence, the inner salt liners may start to melt. The molten salt
undergoes convective flow inside the assembly and causes temperature fluctuations (up
to ±30◦C), which the Eurotherm controller unsuccessfully tries to compensate.
Hot pressing of the samples is performed for 24-48 hours between 900-1050◦C and
confining pressures between 700-800 MPa (also see section 2.4), in order to produce a
dense plagioclase-olivine rock sample from the plagioclase-olivine powder. After hot
pressing, the sample is cooled in 2 hours to 900◦C and ∼700 MPa. The Eurotherm
program is set to keep the temperature fixed at 900◦C.
Part Type Time Target (◦C)
1 ramp 30 min 900
2 ramp 6 min 965 - 980
3 dwell 20 sec 965 - 980
4 ramp 120 min 900
5 dwell 10 sec 900
6 ramp 3 min 200
7 dwell 10 sec 200
8 ramp 3 min 20
9 end
Table 2.3: Program for Eurotherm temperature con-
troller: ‘path to avoid zoisite’.
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Figure 2.9: Pressure-temperature diagram illustrating the steps in hydrostatic and deforma-
tion experiments. Note the change of temperature scale to the left of the pressure-axis. Stars
indicate examples of the hot pressing and deformation conditions. Dotted lines with arrows
indicate the PT-path taken using the Eurotherm temperature controller. Phase transitions
(solid lines): plagioclase + olivine → spinel peridotite → garnet peridotite by the program
DOMINO (de Capitani and Brown, 1987; de Capitani, 1994) using the Berman (1988) data-
base and solution models of Fuhrman and Lindsley (1988), Meyre et al. (1997) and Hunziker
(2003). NaCl melting curve from Clark (1959), anorthite + water → zoisite + kyanite +
melt + water extrapolated from Goldsmith (1982).
After 0.5 to 1 hour at 900◦C, the confining pressure is raised in 1 hour to a confining
pressure within the 1000-1600 MPa range. The top motor and gear train are switched
to the 10−6 gear combination (axial displacement rate ∼1.5x10−6mms−1). The deform-
ation experiment is started. In case of a hydrostatic experiment, the gear train is left
at the 10−4 position and motor is not turned on. Depending on the sample length and
the length of fast run-in, several hours may be required for the σ1 piston to actually
reach the hit point with the sample and start true sample deformation (for example 26
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hours in sample 28AA, Table A.2).
At the end of a deformation experiment, the motor is turned off and the gear train
is switched back to 10−4 gear. The Eurotherm controller is activated and cools the
assembly from 900◦C to 200◦C within 3 minutes. This fast cooling causes the sample
to be quenched and preserves the microstructures in the rock. The axial load needs to
be decreased during quenching and the force ram is backed off using the 10−4 gears.
The temperature decrease causes a pressure decrease of about 200-300 MPa due to the
thermal contraction of the sample assembly. At 200◦C the pressure is decreased by
’bleeding’ oil from the hydraulic ram oil chambers slowly, in order to prevent horizontal
extension cracks in the sample. The force and hydraulic ram are retracted upwards
once the experiment is completely de-pressurized and cooled, and the sample is then
pressed out of the pressure vessel.
2.4 Grain growth experiments
Porous and dense rocks have different rheological properties and therefore it was con-
sidered important to prepare dense and well-annealed plagioclase-olivine samples to be
used in the experiments. In laboratory experiments, static grain growth of minerals can
be enhanced by high temperatures, pressure, time and intracrystalline water (Tullis and
Yund, 1982; Karato, 1989; Evans et al., 2001). The presence of different phases and
impurities generally prevents significant grain growth (Tullis and Yund, 1982; Olgaard
and Evans, 1988). A number of grain growth experiments were performed in order
to determine the optimal P-T-t-conditions for plagioclase-olivine powder hot pressing
(Table A.1).
Characteristic microstructures of the plagioclase-olivine powders after the grain
growth experiments are shown in Figures 2.10, 2.11, 2.12 and 2.14. The relative amounts
of porosity in the samples were estimated from backscattered electron microscope im-
ages (BSEM) by assuming that porosity is epoxy-filled and occurs as a black phase in
BSEM-images. The porosity area percentages are estimates of their volume fractions
(Underwood, 1970).
Grain growth in the dried plagioclase-olivine powders was very limited at 900◦C. A
sample prepared from 12 hours-dried 4-10 µm powders had 40% of porosity after 24
hours of hot pressing at 600 MPa (Fig. 2.10a). Extending the duration of hot pressing
to 48 hours at 740 MPa resulted in 20% porosity in a 24 hr-dried sample (Fig. 2.10b).
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Figure 2.10: Annealing of dried plagioclase-olivine mixtures at 900◦C: effect of time (BSEM-
images, magnification = 800x). Minerals: plagioclase (an), olivine (fo). (a) 24 hours at Pc=
600 MPa (sample W1015: 4-10 µm powders, 12 hr-drying). Olivine and plagioclase grains
are difficult to distinguish in the image. (b) 48 hours at Pc= 740 MPa (sample 3AA: 4-10 µm
powders, 24 hr-drying).
Chapter 2 Experimental techniques 31
an
fo
an
fo
Figure 2.11: Annealing of dried plagioclase-olivine mixtures: effect of temperature (BSEM-
images, magnification = 800x). Minerals: plagioclase (an), olivine (fo). (a) 24 hours at 1000◦C
and Pc= 775 MPa (sample 5AA: 4-10 µm powders, 24 hr-drying). (b) 24 hours at 1050◦C
and Pc= 750 MPa (sample W1026: 4-10 µm powders, 12 hr-drying).
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These samples suggest that grain growth of extensively dried plagioclase-olivine mix-
tures was limited due to the relatively low temperature of 900◦C and the absence water
in the plagioclase-olivine grain boundaries.
Temperature and pressure had large effects on the grain growth of plagioclase-olivine
mixtures, even if the mixtures were dried for 12 to 24 hours in a CO-CO2 gas flow. A
plagioclase-olivine sample showed a strongly reduced porosity of ∼10% after 24 hours
at 1000◦C and 775 MPa (Fig. 2.11a). A dense sample (porosity of ∼1%) formed after
24 hours at 1050◦C and 750 MPa (Fig. 2.11b). Plagioclase-olivine samples with the
lowest porosity were obtained after hot pressing at high pressures. A sample prepared
with 2-6 µm powder was hot pressed for 24 hours at 900◦C and 790 MPa first and
then kept for another 30 hours at 900◦C and 1500 MPa (Fig. 2.12). This reduction of
porosity was due to the higher confining pressure of 1500 MPa because there is only
limited growth after 24 and 48 hours at 900◦C and ±700 MPa (Figs. 2.10). Plotting
the sample-porosity versus temperature and pressure indicates that porosity follows an
approximately exponential relationship with temperature and pressure (Fig. 2.13).
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Figure 2.12: Annealing of dried plagioclase-olivine mixtures at 900◦C: effect of pressure
(BSEM-images, magnification = 800x). Minerals: plagioclase (an), olivine (fo). A dense
plagioclase-olivine sample was obtained after 24 hours of hot pressing at 900◦C and Pc= 790
MPa, followed by 30 hours at Pc= 1500 MPa (W1045; 2-6 µm powders, 6 hr-drying).
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The use of as-is powders instead of dried powders resulted in denser samples at
lower temperatures. The porosity of as-is samples slightly decreased from 950◦C to
1000◦C in 24 hours (Fig. 2.14a-b). Extending the duration of hot pressing to 48 hours
at temperatures close to molten salt conditions (i.e. 965◦C) resulted in only ∼2%
porosity (Fig. 2.14c). The faster grain growth is probably due to the presence of trace
amounts of water on the grain boundaries of olivine and plagioclase. Undried Sonoran
labradorite powder can contain approximately 0.1 wt.% of absorbed water (Stu¨nitz and
Tullis, 2001). The as-is plagioclase-olivine powders may contain 0.05-0.1 wt.% of water
after 72 hours of oven-drying at 110◦C (see Chapter 4).
Based on the grain growth experiments, the hot pressing conditions for the prepar-
ation of dense plagioclase-olivine samples were chosen to be 48 hours at 965◦C and 700
MPa. High confining pressures could not be applied to enhance grain growth because
the plagioclase-olivine assemblage is only stable at low pressures (Fig. 2.9). Temper-
atures above ±980◦C could not be applied due to the melting of the confining medium
and instability of the sample assembly. Therefore a combination was chosen of inter-
mediate temperatures within the 950-980◦C range, confining pressures not exceeding
800 MPa and as-is plagioclase-olivine powders. These hot pressing conditions yielded a
plagioclase-olivine starting material with an acceptable low porosity of 2% (Fig. 2.14c).
2.5 Problems with the experimental setup
The plagioclase-olivine samples used in this study needed to satisfy specific require-
ments. The grain size of olivine and plagioclase had to be at least 4 to 10 µm in order
to achieve grain size insensitive deformation (Chapter 4). The samples needed to be
dry and dense. The hot pressing and deformation of each sample was performed in one
experimental run due to the limited availability of mineral powders. The experiments
were aimed to be performed at 900◦C, based on the plagioclase-olivine phase transitions
(Fig. 2.9).
hot pressing temperatures above 980◦C were considered to be important to meet
these requirements because an increased temperature promotes grain growth even in
dry samples. High temperatures during hot pressing caused a practical problem for the
experiments. Assemblies needed to be heated and cooled between 900◦C-1050◦C while
staying inside the plagioclase-olivine stability field which jeopardised the stability of the
thermocouple. Most failed experiments were due to thermocouple failure during or after
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Figure 2.14: Annealing of ‘as-is’ plagioclase-olivine mixtures (BSEM-images, magnification
= 800x). Minerals: plagioclase (an), olivine (fo). Samples were prepared from 4-10 µm
powders. ‘As-is’: oven-dried for >72 hrs at 110◦C. (a-b) Effect of temperature (samples
13AA and 16AA): as-is mixtures hot pressed for 24 hours at (a) 950◦C-730 MPa and (b)
1000◦C-765 MPa indicate that the porosity decreases with temperature.
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Figure 2.14: (Continued: c; 800x) Effect of time (44AA): a similar porosity as in (b) is achieved
by hot pressing as-is mixtures for 48 hours at 965◦C and 750 MPa. (d; 150x) A part of sample
44AA, representing the starting material of the deformation experiments. The homogeneously
grey dunite forcing blocks can be seen at the top and bottom. The microstructure shows a
rather well dispersed distribution of plagioclase (light grey) and olivine (dark grey).
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the molten salt hot pressing while raising the pressure to the deformation conditions
(Table A.1). The thermocouple typically broke at the site where it passes through the
inner pyrophyllite-furnace sleeves. The most plausible explanation for these failures is
the difference in thermal expansion and contraction of the pyrophyllite sleeves, graphite
furnace and the molten inner salt liner during alternating P-T conditions. In the situ-
ations where the molten salt hot pressing and subsequent cooling were successful, the
thermocouple tubing probably got damaged during changing temperature conditions
and subsequent failed during additional pressurisation.
The following precautions were taken in order to overcome the problem of ther-
mocouple failure while using temperatures near or above the sodium chloride melting
curve:
1. Avoiding the MS-assembly altogether because it contains an extra graphite sleeve
through which the thermocouple passes (Fig. 2.7). As a consequence the hot
pressing temperature was reduced below 1000◦C in order to prevent melting of
the entire inner salt liner. The duration of hot pressing was increased to 48 hours
to ensure sufficient grain growth.
2. Using a K-type chromel-alumel (Cr-Al) thermocouple, which has a flexible and
less brittle metal casing (experiments 18AA-21AA, Table A.1). This option was
unsuccessful because the thermocouple casing did not hold at partially molten
salt conditions.
3. Using an aluminium-oxide ring at the furnace to support the horizontal thermo-
couple piece (Fig. 2.5). Experiments with an aluminium-oxide ring around the
mullite tubing were successful.
4. Allowing a two hour cooling period between high temperatures ( >950◦C) and
900◦C in order to carefully accommodate volumetric changes in the sample as-
sembly. Most of the experiments with slow cooling periods were successful.
5. Increasing the thickness of the Pt-PtRh thermocouple wire from 0.25 to 0.35 mm.
This is useful because thicker thermocouple wire is stronger and likely last longer
than thin wires.
The combination of heating and cooling of the assembly while crossing the NaCl-melting
curve was considered the main cause of the major experimental failures. For this reason,
temperatures involving a partially molten inner salt liner ( >980◦C) were avoided. The
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final configuration for the experiments was a combination of (1),(3),(4) and (5), which
resulted in very stable and successful experimental runs.
The experimental techniques and experiences described in this chapter provide a
basis for stable and successful plagioclase-olivine experiments. Future research might
benefit from the following suggestions. One limitation in this study was the poorly avail-
able quantity of natural Blumone gabbro anorthite. Replacing the Blumone anorthite
with a more readily available alternative, in the ideal case single crystals, would simplify
sample preparation and would enable the production of plagioclase-olivine mixtures in
larger quantities. The advantage of large powder quantities is that the powder mixing
can be performed by other techniques, for example using a tumbling apparatus. This
technique does not involve fluid-powder interaction and therefore might prevent grain
size sorting and phase partitioning.
Cores of plagioclase-olivine rock could be prepared in separate experimental runs,
for example using a gas-apparatus in which high temperatures ( >1000◦C) are easily
achieved. The plagioclase-olivine sample cores can be dried separately and cut into
fixed dimensions for each experiment. A better characterisation of the starting ma-
terial would be possible. Separating the sample production and hot pressing from the
actual experiment would remove the problem of alternating pressure and temperature
conditions and hence simplify the experiment and sample assembly.
Chapter 3
Spatial correlation of deformation
and mineral reaction in
experimentally deformed
plagioclase-olivine aggregates ∗
3.1 Abstract
Shear deformation of hot pressed plagioclase-olivine aggregates was studied in the pres-
ence and absence of mineral reaction. Experiments were performed at 900◦C, 1500 MPa
and a constant shear strain rate of ∼5x10−5s−1 in a solid medium apparatus. Whether
the mineral reaction between plagioclase and olivine takes place or not is controlled by
choosing the appropriate plagioclase composition; labradorite (An60) does not react,
anorthite (An92) does. Labradorite-olivine aggregates deformed without reaction are
very strong and show strain hardening throughout the experiment. Syndeformational
reaction between olivine and anorthite causes a pronounced strain weakening. The
reaction produces fine-grained opx-cpx-spinel aggregates which accommodate a large
fraction of the finite strain. Deformation and reaction are localised within a 0.5 mm
wide sample. Three representative samples were analysed for their fabric anisotropy R*
and shape preferred orientation α∗ (fabric angle with the shear plane) using the auto-
correlation function (ACF). The fabric anisotropy can be calibrated to quantify strain
variations across the sheared samples. In the deformed and reacted anorthite-olivine
aggregate, there is a strong correlation between reaction progress and strain: regions
∗A.A. de Ronde, R. Heilbronner, H. Stu¨nitz, J. Tullis, 2004. Tectonophysics 389 (1-2), 93–109.
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of large shear strain correspond to regions of maximum reaction progress. Within the
sample, the derived strain rate variations range up to almost one order of magnitude.
3.2 Introduction
Upper mantle and lower crustal deformation involves polyphase aggregates and may
occur simultaneously with mineral reactions (White and Knipe, 1978; Rubie, 1983;
Brodie and Rutter, 1987; Rutter and Brodie, 1995; Olgaard et al., 1995; Newman
et al., 1999; Handy and Stu¨nitz, 2002). In many cases deformation takes place at
pressure-temperature conditions that differ from those of the formation of the constitu-
ent minerals. In natural mylonites, the association of deformation with the occurrence
of metamorphic reactions is well documented, for example in granitic mylonites (Rubie,
1983; Fitz Gerald and Stu¨nitz, 1993; Tsurumi et al., 2003), lherzolites (Newman et al.,
1999; Furusho and Kanagawa, 1999) and eclogite facies shear zones (Klaper, 1990).
Mineral reactions often lead to the production of new phases with a strongly reduced
grain size, allowing the deformation mechanism to change to diffusion-accommodated
grain boundary sliding (Boullier and Gueguen, 1975; Kerrich et al., 1980; Rubie, 1983;
Rutter and Brodie, 1988b; Stu¨nitz and Fitz Gerald, 1993; Newman et al., 1999; Stu¨nitz
and Tullis, 2001).
Although there is qualitative evidence that syndeformational reactions may lead to
significant strain weakening, there have been few experimental studies relating mineral
reaction to deformation and vice versa, and most of these have focused on dehydra-
tion (Murrell and Ismail, 1976; Rutter and Brodie, 1988a; Paterson, 1989; Olgaard
et al., 1995) and hydration reactions (Rutter et al., 1985; Stu¨nitz and Tullis, 2001).
So far, experimental studies on solid-solid reactions during deformation have only in-
volved polymorphic phase transitions (Kirby, 1987; Burnley and Green, 1989; Green
and Houston, 1995).
In order to study the potential effect of syndeformational solid-solid reactions on the
strength and the deformation mechanisms of polyphase rocks, we have performed shear
deformation experiments on olivine-plagioclase aggregates both within and outside their
stability fields. The system plagioclase-olivine was chosen because mineral reactions
during deformation of peridotites are considered possible causes for weakening, i.e.
strain localisation in the upper mantle (Newman et al., 1999; Handy and Stu¨nitz, 2002).
Shear deformation experiments were carried out at 900◦C and a confining pressure of
1500 MPa. At 900◦C and 1500 MPa in the CaO-MgO-Al2O3-SiO2-system, the deform-
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Figure 3.1: Phase diagram for
peridotites. The plagioclase to
spinel transition (1) is calculated
for a (2 Fo92)-(An92) bulk composi-
tion in the system Na2O-CaO-FeO-
MgO-Al2O3-SiO2 using the pro-
gram DOMINO (de Capitani and
Brown, 1987; de Capitani, 1994)
with the Berman (1988) database.
The spinel-garnet lherzolite trans-
ition (2) is based on a compila-
tion of experimental data of the sys-
tem CaO-MgO-Al2O3-SiO2 (Jen-
kins and Newton, 1979; O’Neill,
1981; Gasparik, 1984; Herzberg
and Gasparik, 1991; Klemme and
O’Neill, 2000). The stars indicate
the pressure and temperature con-
ditions of the hot pressing (900◦C,
800 MPa) and the deformation ex-
periments (900◦C, 1500 MPa).
ation of anorthite-olivine aggregates takes place simultaneously with the multi-variant
reaction of anorthite + 2 forsterite = spinel + clinopyroxene + orthopyroxene (Fig.
3.1). For this study, the plagioclase-olivine phase relationships have been calculated
using the program DOMINO (de Capitani and Brown, 1987; de Capitani, 1994) and
are combined with experimental data from the literature. Three experiments were
performed (Table 3.2). (1) A hydrostatic experiment using anorthite (An92) and oliv-
ine (Fo92) mixtures at the same conditions as the deformation experiments, to observe
possible reaction progress before the onset of deformation. The duration of the hydro-
static experiment is equal to the time during which a regular deformation experiment
is exposed to experimental pressure and temperature before the actual run is started.
(2) A deformation experiment has been performed using labradorite (An60) and olivine
(Fo92) mixtures to study deformation in the absence of reaction. The labradorite-olivine
paragenesis has a larger stability field than anorthite-olivine and does not react at 1500
MPa and 900◦C. (3) A second deformation experiment has been performed at the same
P-T-conditions as (2) using anorthite (An92) and olivine (Fo92) mixtures to study con-
current reaction and deformation (Fig. 3.1). Labradorite and anorthite have similar
deformation behaviour (Tullis and Yund, 1999) so that, in terms of intracrystalline
plasticity, they should both be valid representatives of a plagioclase phase.
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Experiment no. 1 2 3
Sample An92-Fo92 An60-Fo92 An92-Fo92
Conditions: P(MPa)-T(◦C) 1500-900 1480-900 1490-900
Type hydrostatic deformation deformation
Max. γ 1) 0.0 1.7 4.0
Bulk shear γ˙ ( · 10−5s−1) 1) 0.0 3.2 5.2
Shear displacement (mm)
-displacement transducer1) 0.000 0.827 1.813
-forcing blocks displacement2) 0.591 0.309 1.520
Av. shear zone thickness (mm)2) 0.492 0.444 0.415
Time (hours)
-hot pressing (800 MPa-900◦C) 24.0 24.0 24.0
-hydrostatic at conditions 30.0 18.2 30.5
-deformation 0.0 12.3 21.2
1) Derived from apparatus data
2) Measured after the experiment on thin section
Table 3.1: Experimental data for the samples used in this study.
The following study focuses on the attempt to quantify strain and the distribution of
reaction products in the samples in order to study the interdependence of reaction and
deformation. In order to determine the correlation between finite strain and the extent
of reaction, the microstructures of the samples were analysed using the autocorrelation
function (ACF, Panozzo Heilbronner (1992)). The fabric analysis was then calibrated
for finite strain.
3.3 Experiments
3.3.1 Procedure
Plagioclase-olivine samples were prepared by hot pressing 2-6 µm grain size fractions of
ground A˚heim dunite olivine (Fo92), Blumone gabbro anorthite (An92), and gem quality
Sonoran labradorite (An60). The minerals were crushed, handpicked and further ground
in an alumina mortar. The grain size fractions of the olivine and plagioclase powders
were separated using a sedimentation method in alcohol and water, respectively. Olivine
and anorthite or olivine and labradorite were mixed in a 2:1 molar ratio (47:53 volume
percent ratio) in alcohol using an ultrasonic stirrer. We placed 77.8 milligrams of the
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powder mixture inside a nickel jacket, between cylindrical forcing blocks of Balsam
Gap dunite which were cut at 45◦ to the cylinder axis. The forcing block surfaces
contained grooves normal to the shear direction in order to maintain a good grip on
the sample during the experiment. The samples were then dried for 6 hours at 1000◦C
in a CO-CO2 gas mixture. The Ni jackets were mechanically sealed and the samples
were subsequently hot pressed in the solid medium apparatus for 24 hours at 800 MPa
and 900◦C. The hot pressing conditions were at the upper pressure limit within the
anorthite-olivine stability field (Fig. 3.1).
The general shear deformation experiments were performed in a modified Griggs
apparatus (Tullis and Tullis, 1986) using an all-NaCl sample assembly. The samples
were deformed at a constant shear strain rate of ∼5x10−5s−1 at 900◦C and 1500 MPa.
The force and displacement data were processed with a computer program.
Thin sections were prepared normal to the sample-forcing block interface (SFBI)
and parallel to the macroscopically observed shear displacement (i.e. XZ-plane of the
strain-ellipsoid). The samples were studied in backscattered imaging mode (BSEM)
using a Phillips XL 30 scanning electron microscope. The shear displacements in the
deformed samples were derived from the offsets of the forcing blocks. Images were taken
at a magnification of 1600x, an acceleration voltage of 25 kV and a working distance of
7.0 mm. Continuous series of images were obtained normal to the sample-forcing block
interface (SFBI) and parallel to the shear direction.
Table 3.2 lists the details of experiments conducted in this study. We will focus
on (1) a hydrostatic experiment in the absence of reaction, (2) a labradorite-olivine
experiment to establish the strength of a non-reacting sample and (3) an anorthite-
olivine experiment to study the effect of deformation during mineral reaction. The
shear stress-shear strain data for the experiments are given in Figure 3.2.
3.3.2 Results
Hydrostatic sample
The hydrostatic anorthite-olivine aggregate (sample 1) did not react and its microstruc-
ture is inferred to represent that of the starting material. The microstructure shows a
rather well dispersed distribution of plagioclase and olivine in a 46-54 volume percent
ratio (Fig. 3.3a). Prior to deformation, olivine and presumably plagioclase have a mean
grain size of 3.4±1.2 µm (Fig. 3.3b). In some locations, the sample contains extremely
fine-grained ( <1 µm grain size) lens-shaped domains of plagioclase and olivine (Fig.
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Figure 3.2: Shear stress versus
shear strain data for plagioclase-
olivine deformation experiments.
See Table 3.2 for details. Sample
2: An60-Fo92 deformed at 1480 MPa
and 900◦C without reaction. The
sample is very strong and shows
no measurable permanent strain.
There is strain hardening without
yield throughout the experiment.
Sample 3: An92-Fo92 deformed at
1500 MPa and 900◦C with reac-
tion. The sample has a high yield
strength and shows weakening of
100 MPa and substantial mineral
reaction.
3.3c), sometimes with a gradation in grain size. These domains originate from a crust
that formed during settling and drying of the mineral powders. A number of such
domains are randomly distributed across the sample.
Deformed samples
The labradorite-olivine aggregate (sample 2) is very strong at 1480 MPa confining
pressure, showing an increase of shear stress to 475 MPa (Fig. 3.2). The microstruc-
ture of the undeformed material (Fig. 3.3a) and the microstructure of the deformed
labradorite-olivine sample (Fig. 3.4a) are similar, indicating that only a small amount
of permanent strain has been acquired by the sample. Up to a shear strain of γ =
1.0, the loading curves of the solid medium experiments are difficult to interpret. Up
to that point, samples do not acquire permanent strain. It is also obvious that the
anorthite-olivine and labradorite-olivine samples show the same mechanical behaviour
up to γ = 1.0 (Fig. 3.2).
After γ = 1.0, the anorthite-olivine experiment (sample 3, Fig. 3.2) shows a shear
stress maximum of 380 MPa followed by a 100 MPa weakening. From site to site in
the sample, variable proportions of olivine and plagioclase have reacted (Fig. 3.4b-d).
Reaction products form elongate and laterally continuous streaks and layers, parallel
or sub parallel to the shear direction. These layers appear to accommodate large shear
strains. Olivine grains are less elongated than anorthite grains and have σ-clast
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Figure 3.3: SEM backscatter images of the hydrostatic plagioclase-olivine sample 1. Minerals:
plagioclase (dark grey), olivine (intermediate grey). (a) Typical microstructure of the An92-
Fo92 aggregate (46-54 vol. % ratio), representative of the starting material of the deformation
experiments. (b) Histogram of volume weighted 3-D grain size distribution of olivine in sample
1, derived from cross-sectional areas and calculated using the program StripStar (Heilbronner,
1998). (c) Examples of fine-grained anorthite-olivine domains (indicated by arrows) of smaller
grain size that formed during sample preparation.
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Figure 3.4: Characteristic microstructures of the deformed plagioclase-olivine samples (SEM
backscatter images). Sections are prepared parallel to the shear direction and perpendicular
to sample-forcing block interface (SFBI). Minerals: plagioclase (dark grey), olivine (interme-
diate grey) and reaction products (light grey). (a) An60-Fo92 aggregate deformed at 1480
MPa (sample 2). Labradorite and olivine are only slightly flattened and slightly horizontally
aligned. (b-d) An92-Fo92 deformed at 1500 MPa (sample 3). Local variations of deformation
intensity are visible as variations of elongation and preferred orientation of plagioclase and
olivine grains, indicating increasing deformation and reaction progress from (b) to (d).
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Figure 3.4: (continued) Small white rims around the grains are fine-grained reaction products
(orthopyroxene, clinopyroxene and spinel). Reaction is not complete in (b) and (c) whereas (d)
shows a site within the sample where plagioclase has reacted completely with olivine to form
fine-grained ( <1 µm) reaction products (light grey) and residual olivine grains (dark grey).
The olivine grains are elongated and have σ-clast geometries with fine-grained recrystallised
tails.
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geometries (Fig. 3.4d), indicating that olivine is mechanically stronger than anorthite
and the reaction products. On the grain scale, the reaction products appear to be the
weakest component of the bulk aggregate. Therefore, the weakening of sample 3 is
primarily attributed to the formation of fine-grained reaction products.
In an overview of the sheared sample (Fig. 3.5), several fine-grained plagioclase-
olivine domains are observed. These domains have been partially deformed and reacted,
as indicated by long tails and internal grey level variations. Their preferred orientation
may be used as an indicator of strain.
In sample 3, the reaction products are heterogeneously distributed across the sample,
indicating a partitioning of deformation and mineral reaction (Figs. 3.4 and 3.6). Large
strains, indicated by elongated shapes of olivine and plagioclase grains, and signific-
ant reaction progress, indicated by the presence of reaction products, are correlated
(compare Figs. 3.4b-d). Strain is typically concentrated between less deformed (more
competent) fine-grained domains and near the grooves at the lower SFBI (Figs. 3.5
and 3.6). At these localities, strongly deformed zones or layers are observed, where no
plagioclase is left and reaction is most advanced (Fig. 3.4d). Deformation and reaction
are at a minimum in the strain shadows of fine-grained domains.
3.4 Microstructural analysis
3.4.1 Method of ACF analysis
We have studied the variation of deformation and the distribution of reaction products
in the samples by analysing the autocorrelation function (ACF) of the microstructures.
The ACF has been used in a number of microstructural studies on naturally and exper-
imentally deformed rocks (e.g. Panozzo Heilbronner, 1992, 1993; Pfleiderer et al., 1993;
Davidson et al., 1996; John and Stuenitz, 1997; Heilbronner, 2002). From the ACF,
measures of anisotropy, symmetry and orientation as a function of correlation length
(grain size, domain size) can be derived. The ACF technique and a comparison with
other methods of fabric analysis is described by Panozzo Heilbronner (1992, 1993). A
procedure for calculating local and bulk ACFs of experimentally deformed samples is
given by Heilbronner (2002).
Figure 3.7 illustrates the basic steps of the ACF analysis used here. As a first
step, a square grid subdivides the area of analysis (Fig. 3.6). The grid size has to
be adjusted to the size of the objects (grains, domains) and the desired degree of
sensitivity and resolution (Heilbronner, 2002). Here, we used a grid size of 256 x 256
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Figure 3.6: SEM backscatter transect across sample 3. The location of the transect in the
sample is indicated in Figure 3.5. Minerals: plagioclase (dark), olivine (intermediate grey) and
reaction products (light grey). The amount of deformation and of reaction are heterogeneous
across the transect. Highly deformed and reacted zone occurs at the bottom of the transect.
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pixels, corresponding to 14 x 14 µm. For each square, the ACF is calculated (Fig.
3.7b). For each row, all ACFs are averaged and thresholded (Fig. 3.7c). Assuming no
change of microstructure along any given row, the resulting shape is taken to represent
the average microstructure or shape fabric of the row. It is quantified by its anisotropy
R∗ and shape preferred orientation α∗ (Fig. 3.7d) and depends only on the distance
from the SFBI.
Three phases can be distinguished on the BSEM images (Fig. 3.4), which we can
analyse together or separately; plagioclase (PLG) in dark grey, olivine (OL) in interme-
diate grey and ’reaction products’ (RP) in light grey. Figure 3.8 shows how we separate
the PLG, OL and RP phases by grey level slicing, creating a binary image for each
phase. This procedure allows the individual ACF analysis of all three phases as well as
the determination of the area percentages of olivine, plagioclase and reaction products.
Based on stereological principles (Underwood, 1970), we can estimate the volume per-
centage of the phases to be equal to their respective area percentages. In samples 1
and 2, reaction products are absent so that only OL and PLG are present (Figs. 3.3a
and 3.4a). In these cases, a separation of phases by grey level slicing (or thresholding)
is only useful for volume determinations because the bitmap of OL is the negative of
the bitmap of PLG and the ACF of any image and its negative are the same.
We have applied the ACF analysis to samples 1 (Fig. 3.9), 2 (Fig. 3.10) and 3 (Fig.
3.11) in order to determine the fabric of the starting material and to determine local
variations of deformation with respect to the reaction progress. The measurements of
R∗, α∗ and volume percentages of the phases are plotted against distance d from the
SFBI. We also determined the average ACFs of samples 1 and 2 by averaging all ACFs
within the analysed areas.
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Figure 3.7: Steps in ACF Analysis using ’Lazy ACF Tiles’ macro (Heilbronner, 2002). (a)
BSEM image of a homogeneous microstructure. Olivine is dark grey, reaction products are
light grey. The shear sense is dextral. (b) Three 256x256 pixel ACFs calculated for the area
shown in (a). The size of each ACF is 14x14 µm. (c, left) Average ACF of ACFs 1, 2 and 3
in (b). (c, right) Thresholding the ACF (c, left) at a grey level of 39% peak height, yields the
characteristic shape of the microstructure. This shape corresponds to the average grain size.
(d, left) Fabric parameters derived from the ACF shape: anisotropy R∗ and shape preferred
orientation α∗ (angle of the fabric long axis with a chosen reference line, in this case the
SFBI). (d, right) Equivalent parameters of the strain ellipse for simple shear: aspect ratio R
and angle α between the long axis of the strain ellipse and the shear direction.
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a b c d
Figure 3.8: Grey level slicing of polyphase BSEM images. (a) Original BSEM image from
sample 3 with three phases: plagioclase (dark grey), olivine (intermediate grey) and reaction
products (light grey). The scale bar is 10 µm. (b) Binary image of olivine (OL in white). (c)
Binary image of plagioclase (PLG in white). (d) Binary image of reaction products (RP in
white).
3.4.2 Anisotropy and preferred orientation of the samples
Fabric of the hydrostatic sample
The analysis of the hydrostatic sample (Fig. 3.9) indicates that prior to deformation
there is a moderate anisotropy (average R∗=1.56), with a shape preferred orientation
(average α∗=6.3) sub parallel to the SFBI. This fabric arises from an alignment of the
somewhat elongate initial shapes of the grains probably caused by compaction during
hot pressing.
Fabric of the sample deformed without reaction
Across the shear zone of sample 2 (Fig. 3.10), the anisotropy remains constant and
is almost identical (average R∗=1.59) to that of hydrostatic sample 1. The preferred
orientation of the fabric varies within a slightly larger α∗-range and its average value
(α∗=2.6) is shifted closer to the shear plane. In terms of fabric anisotropy, the fabric
of sample 2 hardly records any permanent strain. The rotated α∗-values may indicate
some shear strain but the larger range of α∗-values argues for a larger error as well.
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Figure 3.9: ACF analysis of BSEM images of hydrostatic sample 1. (a) Mosaic of BSEM
images. (b) Fabric anisotropy R∗ as a function of distance d from the SFBI (solid line) and
average R∗ (dotted line). (c) Shape preferred orientation α∗ as a function of distance d from
the SFBI (solid line) and average α∗ (dotted line). The average values for R∗=1.56 and
α∗=6.3. These values define the initial fabric (inset) and are used in Figures 3.10 and 3.11.
Thus, the permanent strain recorded in the fabric of the labradorite-olivine sample
deformed without reaction is negligible.
Fabric of the reacted and deformed sample
For the transect across sample 3 (Figs. 3.6 and 3.11), the three curves for PLG, OL
and RP components show that both the fabric anisotropy R∗ and the fabric preferred
orientation α∗ vary. Reaction progress and anisotropy are least in the centre of the
sample and highest near the SFBI. Near the lower SFBI (Fig. 3.11), the reaction
resulted in complete disappearance of anorthite. The aggregate consists of OL+RP
only and a single ACF shape fabric is obtained; α∗ reaches a minimum value whereas
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Figure 3.10: ACF analysis of BSEM images of deformed sample 2. (a) Mosaic of BSEM
images. (b) Fabric anisotropy R∗ as a function of distance d from the SFBI (solid line) and
average R∗ (dashed line). (c) Shape preferred orientation α∗ as a function of distance d from
the SFBI (solid line) and average α∗ (dashed line). The average values for R∗=1.59 and
α∗=2.6. The initial values of R∗ and α∗ are indicated (dotted lines, values from sample 1,
Figure 3.9).
R∗ and the volume percentage of RP reach maximum values. The values for R∗ and α∗
of the individual components OL, RP and PLG follow the same general trend over the
entire width of the sample.
The fabric anisotropy and preferred orientation vary analogous to the ratio Rf and
orientation φ of the strain ellipse in heterogeneous ductile shear zones (Ramsay and
Graham, 1970). In sample 3, the minima of α∗ and maxima of R∗ occur near the sample
boundaries. The volume fraction of the reaction products increases with increasing
R∗ and decreasing α∗. The smallest amount of reaction products corresponds to the
region of lowest anisotropy and highest angles of preferred orientation. The region in
which reaction is complete (bottom part of the sample) corresponds to the region of
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Figure 3.11: Separate ACF analyses of the binary images of OL, PLG and RP of sample 3.
Fabric anisotropy R∗ (a) and preferred orientation α∗ (b) as a function of distance d from
the SFBI, are given for OL (solid line), PLG (dashed line) and RP (dotted line). (c) Volume
fraction of phases. The initial values of R∗, α∗ and the OL-PLG volume ratio are indicated
(values from sample 1). The average values for OL are R∗=2.51 and α∗=16.1; for PLG,
R∗=2.57 and α∗=18.1; for RP, R∗=3.23 and α∗=13.7.
highest anisotropy and smallest angles of preferred orientation (Fig. 3.11), i.e. closest
parallelism to SFBI. Thus, reaction progress and fabric development are correlated.
3.5 Strain analysis
In the presence of a chemical reaction (as well as in the case of dynamically recrystallised
rocks for example), strain markers are absent and a strain analysis in the strict sense
is not possible. However, we observe that the development of the shape fabric tracks
deformation in a similar way as strain markers would: aspect ratio R∗ and rotation
increase (α∗ decreases) for increasing amount of deformation. We therefore use the
fabric variation of olivine in sample 3 as an indicator of the shear strain and its spatial
variation. In the following sections, we calibrate the quantitative fabric anisotropy for
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finite strain.
3.5.1 Finite shear strain of the sample
The finite shear strain in sample 3 was determined from (1) the displacement record of
the Griggs apparatus, (2) the forcing block displacement on thin section, and (3) the
orientation of the fine-grained domains of the sample.
(1). The finite shear strain is calculated from the apparatus displacement record,
taking into account the progressive thinning of the sample. The thinning correction
assumes that sample shortening normal to the SFBI occurs continuous during the total
time of deformation, when sample material is removed from the shearing sample at the
forcing blocks ends. Thus, the deformation experiments deviate from an exact simple
shear geometry. We consider the total strain of the deformed sample as a combination
of simple shear and thinning as described in Ramsay and Huber (1983, p.287).
To the best of our knowledge, the initial thickness of the sample is equal to the
thickness of hydrostatic sample 1, because the amount of plagioclase-olivine powder
and the sample geometry were kept the same in each experiment. The finite strain
calculated from the displacement record using the thinning correction is equal to γ =
4.0 (Fig. 3.2). Based on the stress-strain curve of sample 2 and the nearly identical
fabric data of samples 1 and 2, the total permanent shear strain of sample 2 is zero. The
piston displacement up to γ = 1.0 does not produce permanent strain in the sample.
After a shear strain of γ = 1.0, sample 3 starts to acquire permanent shear strain,
leading to a difference in the mechanical records of samples 2 and 3 and a difference
in microstructure. The permanent finite shear strain derived from the displacement
record γdisp = 3.0.
(2). Ideally, the total forcing block displacement can be measured in the thin section
and, in conjunction with the sample (shear zone) width, could be used to calculate the
finite shear strain. Unfortunately however, compaction during hot pressing produces
a small but unpredictable initial displacement of the forcing blocks (the forcing block
displacement of the deformed sample 2 is smaller than that of the hydrostatic sample
1, Table 3.2). Therefore, measurements of forcing block displacement alone cannot be
used for an accurate sample finite shear strain determination.
(3). As an additional estimation of the finite shear strain, we considered the bound-
aries of the fine-grained domains (Figs. 3.3 and 3.5). We measured the orientation of
the long axes of 20 fine-grained domains in the direct neighbourhood of the analysed
transect. If their average preferred orientation with respect to the SFBI is considered
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as the orientation of the long axis of the finite strain ellipse, the calculated shear strain
from the angle α∗fgd = 17
◦, is γfgd = 3.0. In sum, based on the apparatus displacement
data and preferred orientation of fine-grained domains, a bulk finite shear strain of γ
≈ 3.0 is derived for sample 3.
3.5.2 Local shear strain distribution from fabric anisotropy
The changes in measured fabric values R∗ and α∗ are qualitatively similar to those of
aspect ratio R and angle α of simple shear geometries (Ramsay and Graham, 1970). A
large strain produces strong anisotropies and rotation of the preferred orientation axis
into the orientation of the finite strain ellipse (Fig. 3.7d). The variation of the ACF
fabric (Fig. 3.11) resembles the variation of shear strain across the sample. Therefore,
the fabric anisotropy is taken as a measure of the aspect ratio and the fabric preferred
orientation as a measure of the orientation of the long axis of the strain ellipse.
The integration of local shear strains over the width of a shear zone yields the
total shear displacement (Ramsay and Huber, 1983, p.34-40). Since the total shear
displacement of sample 3 is known, the local strain can be derived if one assumes that
the distribution of strain follows the distribution of fabric anisotropies. The measured
fabric anisotropy R∗ is a more robust criterion for shear strain determination than the
fabric preferred orientation, mainly because accurate measurements of small angles are
difficult. We therefore only use the fabric anisotropy R∗ for calibration and we only
used olivine because olivine remains abundant at all sites in the sample.
As a first step in the calculation, we separate the deformation of the sample into two
parts: thinning and simple shear. Thinning implies area loss in a 2-D treatment (the
loss occurs at the ends of the sample) and in sample 3 the average sample thickness is
reduced by 0.077 mm ( ∼16% shortening normal to the SFBI, Table 3.2). Whether the
thinning is assumed to occur throughout the experiment or at the beginning is difficult
to decide. For simplicity, we assume that sample thinning (i.e. area loss) has occurred
first, modifying the initial fabric of the starting material (R∗=1.56, Fig. 3.9). The
anisotropy of the thinned initial fabric, R∗∆, is calculated using a Lagrangian position
gradient tensor (Ramsay and Huber, 1983, p.55-69). This tensor calculates the change
in orientation and aspect ratio of an ellipse after 16% shortening normal to the SFBI.
The initial shape and orientation of the ellipse are equal to the average anisotropy
(R∗=1.56) and preferred orientation (α∗=6.3) of the starting material. The resulting
thinned initial fabric anisotropy R∗∆ has a value of 2.15.
Secondly, the finite shear strain of the sample is γ = 3.0 and any measured R∗ > R∗∆
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is due to the superimposed shear strain. Using the anisotropy R∗ of each ACF row as
the aspect ratio R of the shear strain ellipse at that point, an apparent shear strain,
γ∗, is calculated (Ramsay and Huber, 1983, p.295,296):
γ∗ =
(R∗ − 1)√
(R∗)
By taking into account initial thinning R∗∆, a corrected apparent shear strain γ
∗
c is
derived:
γ∗c =
(R∗ − 1)√
(R∗)
− (R
∗
∆ − 1)√
(R∗∆)
In situations where R∗ < R∗∆, γ
∗
c is set to zero.
The total displacement S across the shear zone is equal to the area under the γ-d
curve. The total displacement (S = 1.185 mm) is based on the width of the sample in
the analysed transect (d = 0.395 mm, Fig. 3.6) and the bulk or average shear strain (γ
= 3.0) determined in the previous section. We scaled the area under the γ∗c -d curve of
olivine (S∗ = 0.142 mm) to the total displacement S. This allowed us to determine the
local shear strain γ, by multiplying the γ∗c -values by a factor of 8.345 (S/S
∗). Finally,
the time of deformation in sample 3 was 21.2 hours (Table 3.2). Assuming that the
deformation was steady and continuous at all sites d across the transect, we convert the
local shear strains to local shear strain rates, γ˙ (Fig. 3.12a).
3.5.3 Reaction progress
Reaction progress is calculated from the measured volume fractions of plagioclase and
reaction products, VPLG and VRP , in each ACF row (Figs. 3.11c and 3.12). For sim-
plicity we assumed that reaction takes place according to the stoichiometric reaction
coefficients in the CMAS-system (see Introduction). These molar reaction coefficients
correspond to forsterite and anorthite reacting in a 47:53% volume ratio (Fo100 = 44.84
cm3mol−1, An100 = 101.15 cm3mol−1). First, the amount of plagioclase required for the
observed VRP per ACF row was calculated: Vreacted = VRP*53/100. The initial volume
of plagioclase per ACF row is Vinitial = Vreacted+VPLG. We defined the reaction progress
per ACF row as:
RP (%) = 100 ∗ Vreacted
Vinitial
= 100 ∗ Vinitial − VPLG
Vinitial
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3.5.4 Distribution of strain and reaction progress
Figure 3.12 illustrates how the local shear strain varies throughout the sample and
that positive and negative deviations from the average shear strain of the sample are
localised. At the top and bottom part of the sample, the shear strain reaches a maximum
value of γ = 9.5, whereas it approaches zero near the centre of the sample. There is a
clear spatial correlation between the reaction progress and shear strain. At peak shear
strain locations, the reaction progress is highest. At undeformed locations, reaction
progress reaches a maximum of 30-40%.
The partitioning of strain rate in the sample is striking. The zone where most of the
strain is accommodated is about 50 µm wide, which is only 12% of the sample thickness.
The local shear strain rate in this region is approximately 1.1x10−4s−1, which is almost
three times the average shear strain rate. About one order of magnitude difference is
observed between the strain rate values near the lower sample border and the centre
of sample. In the centre of the sample, which is virtually undeformed, the strain rate
values approach zero.
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Figure 3.12: Shear strain,
strain rate and reaction pro-
gress in sample 3. (a)
Shear strain rate as a func-
tion of distance d from the
SFBI (solid line) derived
from the corrected apparent
shear strain (γ∗c , dotted line).
The average shear strain rate
is indicated. (b) Local re-
action progress as a func-
tion of distance from the
SFBI, measured by plagio-
clase breakdown.
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3.6 Discussion
Reaction-enhanced weakening and strain partitioning
The shear deformation experiments demonstrate that the syndeformational reaction of
plagioclase and olivine significantly weakens the samples. Comparison of the micro-
structures in Figure 3.4b-d suggests that most of the shear strain is accommodated in
layers where the content of reaction products is highest. The original grain size is re-
duced from 3.4±1.2 µm of the olivine and plagioclase to sub-micron size of the reaction
products whose individual phases cannot be resolved in the SEM backscatter images.
Thus, the observed weakening is attributed to a switch in deformation mechanism from
grain size insensitive creep of the plagioclase-olivine grains to grain size sensitive creep
of the fine-grained reaction products (Rubie, 1983; Brodie and Rutter, 1987; Newman
et al., 1999). This conclusion is supported by the fact that the bulk sample after reac-
tion is weaker than prior to reaction even though most of the reaction product phases,
for example clinopyroxene and orthopyroxene, are mechanically stronger than olivine
and plagioclase (Bystricky and Mackwell, 2001; Ji et al., 2001). The grain-scale parti-
tioning of shear deformation into the reaction products layers (Fig. 3.4c, 3.6 and 3.7a)
suggests that the reaction products are the mechanically weakest part of the aggregate.
At the scale of the sample (mm-scale), strain localisation occurs during a relatively
moderate finite shear strain of γ = 3.0. Certain parts of the sample are almost unde-
formed whereas other parts display local shear strains up to γ = 9.5. Thus, significant
strain localisation may occur at small bulk shear strains in polyphase rock experiments.
Such thin zones may control the strength of the rock; thus caution is required when
extrapolating experimental data to natural conditions. In addition, the partitioning of
strain among different plagioclase and olivine has to be considered. Unfortunately, a
strain determination using plagioclase in sample 3 is impossible within the fully reacted
zone.
Fabric anisotropy and shear strain
Shape changes in recrystallised fabrics may track or mimic strain geometries even in
situations, such as dynamically recrystallised rocks, where strain markers are absent
(Jensen and Starkey, 1985; Burg et al., 1986; Heilbronner, 2002). Here we use the
simple observation that a measured geometry tracks strain without accounting for the
physical processes that are involved. This approach is possible if the geometries can
be calibrated by independent strain determinations (apparatus displacement record,
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orientation of fine-grained domains).
A scaling procedure was required in order to fit the total displacement S to the γ∗c
versus distance from the SFBI curve (Fig. 3.12). In order to convert the corrected
apparent shear strain and shear strain rate to the values of γ and γ˙, a rather large con-
version factor of 8.345 was needed. This may be explained by the fact that deformation
in polycrystalline material can occur both within the grains and along grain boundaries
so that individual grains behave as ’harder’ inclusions in a ’softer’ matrix (Gay, 1968).
Therefore the olivine grains deform as more viscous particles in a less viscous matrix
which leads to lower fabric anisotropies R∗ for olivine and consequently lower γ values.
At sites of complete reaction, the shape anisotropy of residual olivine clasts might
not evolve further if all strain is accommodated in the matrix of reaction products and
if the clasts act as more or less rigid particles in that matrix. Hence, the analysis of
the geometry of plastically deformed rocks in the absence of strain markers is difficult,
especially if the contribution of certain physical processes (i.e. reaction) may be limited
to a first (transient) stage. The estimation of strain partitioning (spatial and temporal)
on the grain-scale remains a key problem in natural dynamically recrystallised and
metamorphosed rocks.
We argued that sample 3 has not recorded permanent strain until γ = 1.0, because
in solid-medium deformation experiments it is not possible to interpret the loading part
of the stress-strain curve. The ACF fabric analysis may provide useful information for
interpreting the mechanical data because it is clear that only permanent deformation of
a sample produces a fabric change. Comparison of hydrostatic and deformed samples
allows to define the onset of fabric changes so that the understanding of solid media
experimental data might benefit from more quantitative fabric studies.
Geological applications
The investigated syndeformational reaction olivine + plagioclase = cpx + opx + spinel
(+ grt) has several applications to natural systems. There probably is no direct ap-
plication to peridotites because the strong pressure increase of the experiments, from
the hot-pressing stage where anorthite-olivine aggregates are stable to the deformation
stage where they are unstable while deforming, for peridotite or troctolitic rock compos-
itions would tectonically only be realized in subduction zones where the temperatures
are much lower at the given pressure range and other reactions are more likely to take
place. However, the reversal of the reaction has been observed in natural mylonitic
shear zones (Newman et al., 1999; Handy and Stu¨nitz, 2002) and is likely to occur
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in extensional tectonic settings, where mantle rocks are adiabatically brought up to
shallower levels. As a solid-solid reaction during deformation it may serve as a general
example for such a reaction, which has also been observed in shear zones in other rock
systems (e.g. Rubie, 1983). Weakening by a switch in deformation mechanism has been
proposed in natural systems (Rubie, 1983; Stu¨nitz and Fitz Gerald, 1993; Newman
et al., 1999). It is demonstrated by the experiments that a pronounced decrease in flow
stress occurs during the reaction.
In the reacted sample both strain partitioning and strain localisation have been ob-
served. Strain partitioning occurs into the reaction product layers. Such a partitioning
is common and occurs on the grain scale in layers of weak minerals in nature as well (e.g.
Handy, 1990). The microstructures of the experimental reaction sample resemble many
natural microstructures of quartzo-feldspathic rocks (e.g. Berthe´ et al., 1979b). The
fine-grained reaction products represent such weak layers; their weakness is caused by a
switch in the deformation mechanism from dislocation creep to diffusion-accommodated
grain boundary sliding.
Strain localisation occurs at a number of scales. At the sample-scale we observe the
formation of large strain layers near the SFBI. At a smaller scale we have mentioned
layers of large strain between fine-grained domains. At the grain-scale, preferred sites
for reaction and deformation (grain boundaries normal to principle stress σ1) can be
observed. However, the explanation of these strain localisations is beyond the scope of
this work and subject of another paper.
For the analysis presented in this study, we merely exploit the fact that the concen-
tration of reaction and deformation are spatially correlated, occurring together in the
same locations of the sample. Greater reaction progress in shear zones has been ob-
served frequently in natural systems (e.g. Kerrich et al., 1980; Brodie and Rutter, 1985;
Marquer et al., 1985; Keller et al., 2004). The experiments demonstrate that reaction
and deformation are concomitant and that reaction progress is not a later event which
is concentrated in already deformed zones as proposed as a possibility by Brodie and
Rutter (1985).
The concentration of reaction and deformation into certain parts of the sample after
relatively small strains of γ = 3.0 in the experiments shows that the weakening effect of
the reaction leads to a considerable increase in strain rate in localised zones, even at fast
laboratory strain rates. It is likely that the effect is even more pronounced in natural
shear zones because strain rates are slower, whereas the P,T-conditions of the reactions
(and thus reaction kinetics) may be similar. Indeed, some reactions in natural rocks
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only progress significantly in shear zones, whereas the country rock is almost unaffected
(Koons et al., 1987).
3.7 Conclusions
In experimentally deformed plagioclase-olivine aggregates at 1500 MPa and 900◦C,
syndeformational reaction between plagioclase and olivine affects the strength of the
rock as well as the distribution of shear strain across the sample. Fabric anisotropy is
used to derive local shear strains and shear strain rates. By applying the autocorrelation
function to a transect across the sheared samples, a strain analysis of the individual
phases was performed.
The following conclusions can be made:
• There is a strong correlation on a sample scale between reaction progress and
strain; large shear strain is locally associated with high reaction progress.
• Syndeformational reaction between olivine and anorthite causes a decrease in flow
stress. On a grain-scale, fine-grained reaction products accommodate a large part
of the shear deformation.
• From variations of fabric anisotropy, local strain variations across the sample can
be calculated using measurements of bulk finite strain for calibration.
• Within the studied sample the total range of local shear strain rate from the
fastest to the slowest is approximately one order of magnitude.
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Chapter 4
Reaction-induced weakening of
plagioclase-olivine composites ∗
Abstract
The localisation of strain into natural ductile shear zones is often associated with the
occurrence of water-deficient metamorphic reactions. In order to study the effects of
anhydrous solid-solid mineral reaction on plastic deformation of rocks, we have invest-
igated the shear deformation of plagioclase-olivine composites during the reaction pla-
gioclase + olivine → orthopyroxene + clinopyroxene + spinel (± garnet). Plagioclase-
olivine composites were studied after shear deformation experiments in a Griggs ap-
paratus. Experiments were performed on anorthite-forsterite (An-Fo) and labradorite-
forsterite (Lab-Fo) composites at 900◦C, confining pressures between 1000-1600 MPa
and with constant shear strain rates of γ˙ ∼5*10−5s−1.
In absence of reaction, Lab-Fo composites strain-harden due to the inhibition of ex-
tensive recrystallisation by interphase boundaries. Anhydrous reactions induce strain
weakening of An-Fo composites by a switch to grain size sensitive deformation mech-
anisms through the development of fine-grained (size <0.5 µm) polyphase reaction
products. Interconnecting layers of reaction products accommodate most of the ap-
plied strain by grain size sensitive creep. Recovery processes in the An-Fo composite
are pronounced during syndeformational reaction: original anorthite and olivine dy-
namically recrystallise by subgrain rotation recrystallisation. Presumably the dynamic
recrystallisation is caused by reduced stress conditions and partitioning of strain at
∗A.A. de Ronde, H. Stu¨nitz, J. Tullis. To be submitted for publication in Journal of Geophysical
Research, American Geophysical Union
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different rates between the new reaction products and the relict An-Fo grains. The
results of our experiments are in good agreement with natural observations of shear
localisation in the lower crust and upper mantle, and imply that anhydrous mineral
reactions can be important causes for localisation of deformation.
4.1 Introduction
The localisation of strain into natural ductile shear zones is often associated with the
occurrence of metamorphic reactions. The relationships between rock deformation and
mineral reactions have been the subject of numerous geological and experimental studies
over the last decades. Overviews on possible weakening effects that metamorphic reac-
tions may have on the deformation of rocks are given by White et al. (1980), Brodie and
Rutter (1985), Brodie and Rutter (1987), Rubie (1990a) and Rutter and Brodie (1995).
The most common reaction weakening mechanisms can be summarised as follows:
1. Reactions form fine-grained reaction products which deform by diffusion- accom-
modated grain boundary sliding (Boullier and Gueguen, 1975; Kerrich et al., 1980;
Rubie, 1983, 1990a; Rutter and Brodie, 1988a,b; Stu¨nitz and Fitz Gerald, 1993;
Newman et al., 1999; Stu¨nitz and Tullis, 2001)
2. Dehydration reactions lead to (probably transient) weakening due to increased
pore pressure (cataclasis) (Murrell and Ismail, 1976; Rutter and Brodie, 1988a;
Paterson, 1989; Olgaard et al., 1995)
3. Reactions form new weak phases that deform more easily by crystal plasticity
(Mitra, 1978; White and Knipe, 1978; Rubie, 1990a)
4. Solid-state reactions of mineral phases cause weakening by transformation plasti-
city (Poirier, 1985; Meike, 1993; Schmidt et al., 2003)
Several experimental studies have focused on dehydration (Murrell and Ismail, 1976;
Rutter and Brodie, 1988a; Paterson, 1989; Olgaard et al., 1995) and hydration reac-
tions (Rutter et al., 1985; Stu¨nitz and Tullis, 2001). However, the presence of water,
both intracrystalline and as a separate phase, has profound effects on the deformation
and reaction kinetics of rocks. Water influences the rheological properties of miner-
als (e.g. Chopra and Paterson, 1984; Karato et al., 1986; Post and Tullis, 1998; Mei
and Kohlstedt, 2000) as well as the transport of chemical components during mineral
reaction (e.g. Yund and Tullis, 1980; Rubie, 1986; Yund, 1997). In the presence of
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water it is therefore difficult to distinguish individual deformation processes that occur
during concurrent deformation and reaction. Except for deformation studies involving
polymorphic phase transitions (Kirby, 1987; Snow and Yund, 1987; Burnley and Green,
1989; Green and Houston, 1995), there have been no experimental studies on anhydrous
solid-solid reactions accompanying deformation.
Shear zones in upper mantle peridotites demonstrate that strain localisation asso-
ciated with retrograde metamorphic reactions during ductile deformation does occur
under water limited/deficient conditions. For the Turon de Te´coue`re peridotite in
the North Pyrenean Zone, Vissers et al. (1997) and Newman et al. (1999) conclude
that strain localisation by reaction-enhanced softening can occur over a wide pressure-
temperature space in lithospheric mantle. Handy and Stu¨nitz (2002) describe strain loc-
alisation by a combination of fracturing and reaction weakening in spinel lherzolite in the
Southern Alps, and infer this process to initiate exhumation of subcontinental mantle
beneath rifted margins. Phase-transformations from spinel to plagioclase lherzolite have
led to enhanced mylonitisation in lherzolite from the Hidaka metamorphic belt of cent-
ral Hokkaido, Japan (Furusho and Kanagawa, 1999). These field studies demonstrate
that syndeformational metamorphic reactions in garnet and spinel bearing peridotites
can play an important role during the exhumation of the upper mantle.
The aim of this study is to examine the effects of nominally dry solid-solid mineral
reactions on the plastic behaviour of polyphase rocks. In order to achieve this aim, we
have performed shear deformation experiments on dry plagioclase-olivine composites
to study the strength and deformation mechanisms during mineral reactions. The
results for these plagioclase-olivine experiments have applications to processes in natural
peridotitic rocks. Reactions in the peridotite system are important for controlling the
deformation of the upper mantle during crustal thinning and the deformation of oceanic
crust and upper mantle lithologies during subduction (e.g. Drury et al., 1991; Vissers
et al., 1995).
4.2 Peridotite phase transitions
Phase transitions in upper mantle peridotites are largely pressure-dependant. They can
be studied in piston cylinder experiments in which confining pressure can be increased
within the necessary range (Fig. 4.1). Natural plagioclase-bearing peridotites are stable
at low-pressure, high-temperature conditions but when exposed to higher pressures, re-
actions occur to spinel-, garnet- and pyroxene-bearing mineral assemblages (Fig. 4.1a).
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Figure 4.1: Equilibrium phase diagrams for plagioclase, spinel and garnet bearing peridotites.
(a) Peridotite phase transitions based on a compilation of experimental data in the CaO-
MgO-Al2O3-SiO2-system (Green and Hibberson, 1970; Kushiro and Yoder, 1966; Jenkins and
Newton, 1979; O’Neill, 1981; Gasparik, 1984; Herzberg and Gasparik, 1991; Klemme and
O’Neill, 2000). (b + c) Equilibrium phase diagrams in the Na2O-CaO-FeO-MgO-Al2O3-SiO2
system for plagioclase-olivine composites used in this study. The diagrams are calculated by
the program DOMINO (de Capitani and Brown, 1987; de Capitani, 1994) using the Berman
(1988) database. Solid solution models used: Fuhrman and Lindsley (1988) (plagioclase),
Meyre et al. (1997) (clinopyroxene) and Hunziker (2003) (orthopyroxene). Squares indic-
ate P,T conditions of the sample hot pressing. Circles indicate the P,T conditions of the
plagioclase-olivine experiments. (b) Phase diagram for anorthite-olivine samples: 1 An92 + 2
Fo93. (c) Phase diagram for labradorite-olivine samples: 1 An60+ 2 Fo93.
Chapter 4 Reaction-induced weakening of plagioclase-olivine composites 69
Blumone anorthite Sonoran labradorite A˚heim forsterite
wt.% oxides Ions per wt.% oxides Ions per wt.% oxides Ions per
8 O 8 O 4 O
SiO2 45.26 2.090 53.01 2.398 41.18 1.001
Al2O3 34.78 1.893 29.83 1.590 0.00 0.000
MnO 0.00 0.001 0.00 0.000 0.05 0.000
FeO 0.56 0.021 0.36 0.013 7.31 0.149
MgO 0.09 0.006 0.00 0.000 50.97 1.847
CaO 18.42 0.912 12.49 0.605 0.07 0.002
Na2O 0.90 0.080 4.30 0.378 0.01 0.000
K2O 0.02 0.001 0.30 0.017 0.00 0.000
Total 99.94 5.004 100.29 5.001 99.59 2.999
Normalised mol% of mineral end-members
An92 An60 Fo93
Ab8 Ab38 Fa7
Or0 Or2
Table 4.1: Chemical compositions of anorthite, labradorite and olivine starting materials
The peridotite phase transitions strongly vary with the sodium content of plagioclase.
Thermodynamic calculations with the program DOMINO (de Capitani and Brown,
1987; de Capitani, 1994) and the Berman (1988) database show that a peridotite con-
taining anorthite-rich plagioclase (An92) at 900
◦C becomes unstable at pressures above
900 MPa in the Na2O-CaO-FeO-MgO-Al2O3-SiO2 (NCFMAS)-system (Fig. 4.1b). Pla-
gioclase peridotite composed of intermediate plagioclase (An60) is stable up to a pressure
of 1400 MPa (Fig. 4.1c).
By choosing anorthite (An92) and labradorite (An60) compositions (Table 4.1) in our
plagioclase-olivine composites, we can study the rheological behaviour of plagioclase-
olivine rocks in the presence or absence of reaction, respectively. Anorthite and lab-
radorite have similar strengths (Tullis and Yund, 1999), so the crystal plastic deforma-
tion of the plagioclase is not strongly affected by choosing different compositions.
Lab-Fo (An60-Fo93) composites are stable at all confining pressures within the tested
range, providing examples of plastic deformation of non-reacting samples. For An-Fo
(An92-Fo93) composites in the NCFMAS-system, the applied confining pressures rep-
resent different amounts of pressure overstepping (Po ∼200-600 MPa) of the plagio-
clase peridotite stability field. Using An-Fo composites in the deformation experiments
makes it possible to study the effects of mineral reactions on plastic deformation of
plagioclase-olivine composites.
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4.3 Experimental techniques
4.3.1 Plagioclase-olivine composites
Anorthite-olivine (An-Fo) and labradorite-olivine (Lab-Fo) mixtures were prepared
from powders of ground A˚heim dunite olivine (Fo93), Blumone gabbro anorthite (An92)
and gem-quality Sonoran labradorite (An60; Table 4.1). The minerals were crushed,
handpicked and further ground in an alumina mortar. Mineral powders within a 4 to
10 µm grain size range were obtained by a sedimentation method. Distilled water and
alcohol were used as the settling fluid for plagioclase and olivine, respectively.
Based on the existing rheological data for both plagioclase (e.g. Rybacki and Dresen,
2000, 2004) and olivine (e.g. Hirth and Kohlstedt, 2003), a starting material with a 4
to 10 µm grain size range was chosen, to ensure that the initial olivine-plagioclase
composite would deform by dislocation creep at our experimental conditions (Fig. 4.2).
A few grams of olivine and plagioclase powders were combined with a 48.7 to 51.3 wt.%
ratio. This weight ratio corresponds to a 2 to 1 molar ratio, in which forsterite (Fo100)
and anorthite (An100) ideally react in the CaO-MgO-Al2O3-SiO2-system: 2 forsterite +
anorthite = 2 enstatite + diopside + spinel. Plagioclase and olivine powders were mixed
in an acetone slurry inside a 5 ml glass beaker within an ultrasonic stirrer. When most
acetone was evaporated, the powder slurry was quickly dried in an oven at 110◦C after
the mixing, which caused rapid evaporation of the acetone. This procedure prevented
grain size (density) sorting and mineral segregation. All mineral mixtures were stored
continuously at 110◦C until processed further.
Forcing block pistons were prepared from 6.3 mm diameter cores of Balsam Gap
dunite and A˚heim dunite. The dunite cores were cut and ground at 45◦ to their cylinder
axis, which created a flat sample-forcing block interface. In a couple of samples we used
dunite forcing blocks with a grooved interface to maintain a good grip on the sample
during the experiment. However, the grooves turned out to be unnecessary because
the plagioclase-olivine composite bonded well with the dunite forcing blocks during hot
pressing.
The Balsam Gap dunite forcing blocks were dried for 24 hours at 980-1000◦C in
a CO-CO2 gas mixture. The drying resulted in weight losses up to 0.75% due to the
dehydration of small amounts of hydrous minerals like serpentine. The powders were
oven-dried at 110◦C for at least 72 hours. The oven-dried powders have some absorbed
water on the mineral grain boundaries, which was required for sufficient grain growth
in the plagioclase-olivine composite during the hot pressing stage of the experiment
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at relatively low temperatures of 970◦C (see following section). A different drying
procedure was used in the initial stages of this study, in which the powders were dried
together with the forcing blocks for 12 hours at 1000◦C in a CO-CO2 gas mixture.
As a result, the powders were hot-pressed at temperatures of at least 1050◦C to obtain
sufficient grain growth of the plagioclase-olivine powder. Unfortunately, the 1050◦C hot
pressing caused some problems in the execution of the experiments and the procedure
was abandoned in subsequent experimental runs.
For each experiment, approximately 78 mg of the olivine-plagioclase powder mixture
was placed between the dried dunite forcing blocks inside a nickel-foil jacket. The inner
Ni jacket was mechanically sealed around upper and lower Ni foil disks and controls
the oxygen fugacity of the sample during the experiment at the Ni-NiO buffer. The
inner Ni jacket was placed inside a Pt jacket. The Pt jacket was weld-sealed at its ends
and wrapped in extra Ni foil to protect the Pt-jacket from sodium chloride during hot
pressing above 900◦C.
4.3.2 Hot pressing and deformation
The plagioclase-olivine powders were hot-pressed at high temperature and pressure
inside the plagioclase-olivine stability field in order to produce dense and low-porosity
plagioclase-olivine rock samples. Hot pressing was performed inside a Griggs solid
medium apparatus. Powders dried in CO-CO2-gas were hot-pressed for 24 hours at
1050◦C and Pc ∼800 MPa, using an all-sodium chloride sample assembly for molten
confining media (Gleason and Tullis, 1995). Oven-dried powders were hot-pressed for
48 hours at ∼970◦C, using an all-sodium chloride sample assembly for solid confining
media (Tullis and Tullis, 1986).
The hot-pressed starting material is a homogeneous mixture of plagioclase and oliv-
ine in 49-51±2% volume ratio, with approximately ∼2% porosity (Fig.4.3). The mean
grain size of the hot-pressed starting material is 6.9±2.6 µm (Fig. 4.3), which was
determined from SEM-backscattered images using the program StripStar (Heilbronner,
1998). This grain size applies to olivine grains only, because it was not possible to
identify a sufficient number of plagioclase grain boundaries.
The method of sample preparation produces small and sporadic domains of coarse-
grained plagioclase and olivine (up to 30 µm). These domains do not change the
sample deformation conditions because plagioclase and olivine deform by grain size
insensitive creep. Most of the remaining porosity disappeared by additional compaction
and annealing at deformation conditions because the apparatus force-piston needs time
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Figure 4.3: Backscattered scanning electron microscope (BSEM) images of plagioclase-olivine
starting material (44AA). (a) Magnification 400x. Composite of anorthite (an) and olivine (fo)
after annealing powders with 4 to 10 µm grain size at 965◦C-750 MPa for 48 hours. The aver-
age plagioclase-olivine vol.% ratio is 49-51(±2)%. The histogram shows the volume weighted
3-D grain size distribution of olivine, derived from cross-sectional areas and calculated using
the program StripStar (Heilbronner, 1998). The mean grain size of olivine is 6.9±2.6 µm. (b)
Magnification 1600x. Black spots indicate sample porosity and holes (vol. ∼2%). White rims
are due to charging of the sample.
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to make contact with the sample (‘run-in time’ 630 hr at γ˙=5*10−5s−1).
A couple of samples were prepared from 2 to 6 µm plagioclase and olivine powders
by the method of de Ronde et al. (2004). In the hot-pressed 2 to 6 µm starting material,
plagioclase and olivine have an initial mean grain size of 3.4±1.2 µm and they are mixed
in a 46-54±2% volume ratio.
After the hot pressing, the samples were cooled slowly over two hours to 900◦C and
Pc=700 MPa. After one hour at these conditions, the confining pressure was increased
to the 1000-1600 MPa pressure range (Fig. 4.1b,c). The plagioclase-olivine samples
were deformed at a constant shear strain rate of γ˙ ∼5*10−5s−1for varying amounts of
shear strain.
Additional deformation experiments were performed on pure olivine and plagioclase
samples in order to compare the strength and deformation mechanisms of the composites
to those of the plagioclase and olivine end-members. Two hydrostatic experiments
were performed, at Pc ∼1000 MPa and ∼1500 MPa, to determine whether reaction
occurred during the run-in time of the deformation experiments. All the samples and
the experimental conditions are summarised in Table 4.2.
The Griggs apparatus force and displacement data were processed with a computer
program that converts the mechanical data into shear stress and shear strain. The
force and displacement data are corrected for: (1) reduction of stressed sample area
with progressive shear displacement, (2) internal friction of the assembly and strength
of the sample jacket, (3) thinning of the sample with progressive shear displacement
and (4) distortion of the apparatus with progressive force. The shear stresses reported
here may include a τ±50 MPa piston friction inherent to the solid medium apparatus
(Green and Borch, 1989).
4.3.3 Sample characterisation
Thin sections of the samples parallel to the shear direction and forcing block cylinder
axis were studied using optical, backscattered scanning electron (BSEM) and trans-
mission electron microscopy (TEM). The identification of the reaction products was
carried out by TEM EDS-microanalysis. In order to describe the reaction progress,
ξplg, the area percentages of anorthite were measured in representative high quality
BSEM images of the samples (Table 4.2). The area percentages were measured by
detailed tracing of interphase boundaries and thresholding mineral phases in a mosaic
of four BSEM-images with 1600x magnification. Typical tracing errors are ±1% and
the error in the mean of phase area percentages is ±2%. The area percentages are
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estimated to represent the volume percentages of phases (Underwood, 1970). Reaction
progress ξplg is defined as
ξplg(%) = 100 ∗ Vinitial − Vplg
Vinitial
= 100 ∗ 49− Vplg
49
describing the amount of transformation (or ‘disappearance’) of anorthite with respect
to the starting material.
4.3.4 Water content of the samples
We assume that the oven-dried sample powders contain adsorbed as well as intracrys-
talline H2O because vacuum drying at 250
◦C does not remove all absorbed water from
quartz (Gee et al., 1990). In order to determine any differences in H2O content between
the samples, we measured the infrared absorption of hydrogen in olivine of the A˚heim
and Balsam Gap dunite forcing blocks. At 900◦C and Pc=300 MPa, diffusion rates of
hydrogen in olivine can range from 10(±5)*10−11 to 10(±5)*10−12 m2s−1 depending on
crystal orientation (Mackwell and Kohlstedt, 1990). Using these data, hydrogen is cal-
culated to diffuse 500-3000 µm into the olivine grains for the duration and temperature
of the experiments ( >24 hr, 900◦C). Therefore, the forcing block olivine grains can be
used as an internal standard to determine the hydroxyl content of the complete sample
(plagioclase-olivine composite and dunite forcing blocks), especially the fine-grained
regions, where the grain size is too small to be probed by FTIR.
Analyses of unpolarised hydroxyl adsorption in olivine were made using a Brukner
High resolution FTIR spectrometer at the Bayerisches Geoinstitut and at the Univer-
sity of Hannover, Germany. Doubly polished sections were used with a 100-150 µm
thickness. Measurements were made at room temperature for a 3000-4000 cm−1 wave
number range. In all samples with dunite pistons, hydroxyl species were not measured
above the detection limit of approximately 490 H/106Si. This amount of hydroxyl spe-
cies corresponds a H2O content of 30 ppm (0.003 wt.%) of olivine (Fo90) and hence the
plagioclase-olivine composites.
No intra-crystalline or grain boundary H2O above the 30 ppm detection limit was
measured using FTIR. All samples were treated identically during preparation. No
hydrous minerals were detected in the reaction product mineral assemblages of the re-
acted An-Fo samples (see following sections). Therefore, we suspect that the continuous
storage of mineral powders at 110◦C has not allowed for substantial adsorption of water
to the mineral grain boundaries. During subsequent hot pressing of the powders, the
Chapter 4 Reaction-induced weakening of plagioclase-olivine composites 77
thoroughly dried dunite pistons probably acted as large sinks for any absorbed water
within the entire sample.
The plagioclase-olivine composite comprises approximately 6% of the entire sample
volume (composite + dunite forcing blocks). Therefore, a 30 ppm H2O content in the
entire sample may imply an initial 0.05 wt.% H2O content in the oven-dried plagioclase-
olivine powders. This value appears to be reasonable because undried (‘as-is’) Sonoran
labradorite powder contains approximately 0.1 wt.% absorbed water (Stu¨nitz and Tullis,
2001). The FTIR analyses indicate that the hot-pressed An-Fo composites can be
considered as dry mineral samples.
4.4 Results
4.4.1 Mechanical data
Labradorite-olivine (Lab-Fo) experiments
At 900◦C, the Lab-Fo composites are very strong (τ >500 MPa) at all experimental
confining pressures (Fig. 4.4a). All deformed samples show strain hardening to the
point that the differential stress was similar to the confining pressure of the experiment.
It was not possible to obtain flow strengths for Lab-Fo composites at the employed
experimental conditions. Brittle faults develop in the dunite forcing block of the Lab-
Fo samples deformed at Pc=1470 and 1480 MPa. Olivine grains often show extensive
kinking and subgrains (Fig. 4.5a-c). At Pc=1480 MPa, the forcing blocks clearly
deformed as shown by the increase in piston diameter near the top of the sample
(Fig. 4.5a). The Lab-Fo samples accommodated little to no shear displacement and
the measured axial displacement in these experiments is partially accommodated by
deformation of the dunite forcing blocks.
The forcing block displacement in the Lab-Fo sample deformed at Pc=1480 MPa
is ∼0.63 mm (Fig. 4.5a). The Lab-Fo sample shear zone is ∼0.5 mm wide, and a shear
strain of γ ∼1.3 (γ=0.63/0.5) can be inferred as the maximum total shear strain that is
accommodated by the Lab-Fo composite. This value suggests that the remaining shear
strain of γ ∼4.9 (γ=5.9-1.3=4.9; Table 4.2) is accounted for by coaxial deformation of
the dunite forcing blocks. Therefore, the total shear strain of the Lab-Fo experiments
is probably lower than shown in Figure 4.4. However, the data presentation allows for a
relative comparison with the An-Fo experiments. In these experiments, the shear strain
values are realistic because the forcing block deformation is lower due to the much lower
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flow stress (see next section).
The Lab-Fo composites were stronger than pure olivine and labradorite end-members.
At Pc=1510 and 1000 MPa olivine was considerably stronger (τ ∼350 MPa) than lab-
radorite (τ ∼100 MPa) or anorthite (τ ∼160 MPa) at Pc=1000 MPa. The plagioclase
end-member experiments illustrate that labradorite and anorthite deform with similar
flow stress. Their strengths are similar to that of the pure Sonoran labradorite experi-
ments of Stu¨nitz and Tullis (2001). A small difference in the strength of olivine samples
was measured between the Pc=1000 MPa (τmax= 480 MPa) and 1500 MPa (τ=350
MPa) experiments, but steady-state flow was not obtained in the experiment W1027.
Anorthite-olivine (An-Fo) experiments
The mechanical behaviour of An-Fo composites deformed outside the plagioclase peridotite
stability field is substantially different from that of the Lab-Fo composites (Fig. 4.4b).
The An-Fo samples are initially strong but all samples typically reach a maximum shear
stress followed by significant strain weakening. There is a tendency towards a constant
shear stress above γ=5.0. The maximum decrease in shear stress is τ ∼150-160 MPa
in the Pc=1160 and 1030 MPa samples deformed at γ˙ ∼4.5*10−5s−1. In all An-Fo
experiments most of the axial displacement is accommodated in the An-Fo composite
shear zone (Fig. 4.5d). The highest shear stress (τ=400 MPa) is obtained in the sample
deformed up to peak stress conditions at Pc=990 MPa. Little shear offset ( ∼0.35 mm)
is observed in this sample and, similar to the Lab-Fo experiments, the calculated finite
shear strain includes a significant contribution of strain from the dunite forcing blocks.
An-Fo samples deformed at γ˙ ∼5.0*10−5s−1 approached a steady state flow stress
between τ ∼180-220 MPa, which is just above the strength of anorthite deformed at
Pc=1000 MPa. Deformation of an An-Fo sample to a shear strain of γ=1.7 at a lower
γ˙ = 4.0*10−6s−1 at Pc=1040 MPa occurred at a much lower shear stress of τ ∼60 MPa
and strain weakening was not observed.
4.4.2 Microstructures and deformation mechanisms
Plagioclase and olivine endmembers
Relict olivine porphyroclasts in the pure olivine sample deformed at Pc=1510 MPa show
variable dislocation densities. Dislocation densities can locally be very high (Fig. 4.6a).
Some small and isolated dislocation-free new grains (size ∼1 µm) occur next to old
grains with variable dislocation densities (Fig. 4.6b). There is a large mis-orientation
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between the old and new grains, indicating that the small new grains may be formed
by progressive subgrain rotation or by local grain boundary migration mechanisms (e.g.
bulging recrystallisation). Well-ordered dislocation walls occur and indicate that some
dislocation climb has operated as a recovery mechanism (Fig. 4.6c).
Some elongated arrays of dislocations are disordered with substantial porosity within
the dislocation walls (Fig. 4.6d,e). Such porous disordered dislocation walls indicate
an origin by micro-cracking. Some cracks are blunted with a few dislocations in their
wake. Some of the disordered dislocation wall structures form cells (Fig. 4.6d), whose
size (size ∼0.5-1.0 µm) approximately corresponds to that of the new dislocation-free
grains. Thus, limited recovery by dislocation climb, presence of micro-cracks and the
cell structures with disordered dislocation arrays all indicate low temperature plasticity
in the pure olivine sample.
The measured strength of pure plagioclase samples is comparable to that of the
plagioclase experiments of Stu¨nitz and Tullis (2001). It is assumed that our pure
plagioclase samples deformed by the same deformation mechanisms. At 900◦C and
Pc=1000 MPa, dislocation creep of labradorite is accommodated by local grain bound-
ary migration recrystallisation, producing relict plagioclase grains with high dislocation
densities and small dislocation-free recrystallised grains (size ∼1 µm). In our deformed
plagioclase samples some exsolution of amphibole is observed. Experimental deforma-
tion of labradorite single crystals (Stu¨nitz et al., 2003) showed that the exsolution and
nucleation of amphibole can be triggered by the shear deformation and recrystallisation
of plagioclase with a high iron content (Table 4.1).
Labradorite-olivine composites
Little permanent deformation is observed in the BSEM-microstructure of all deformed
Lab-Fo composites (Fig. 4.7a). Some plastic deformation has occurred as shown by a
weak shape preferred orientation of grains. The microstructural difference with respect
to the starting material, however, is small (Fig. 4.3). Occasional cracks in olivine grains
parallel to the σ1-direction suggest that deformation of olivine at high shear stresses
has a component of brittle behaviour. Some brittle behaviour is observed in the coarser
olivine grains (size >50 µm) of the forcing blocks as well (Fig. 4.5a-c).
In the deformed Lab-Fo samples, olivine grains have variable dislocation densities,
which locally are high (Fig. 4.7b). Dislocations are fairly straight with loops at small
inclusions or defects. As in the pure olivine sample, the occurrence of disordered dis-
location arrays is often associated with porosity (Fig. 4.7c). Subgrains with ordered
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Figure 4.6: (Continued) TEM microstructures of pure olivine sample 50AA (γ=4.7; Pc=1510
MPa). (c) Olivine grains with well-ordered dislocation arrays (arrows). (d) Disordered dis-
location substructures in olivine can be associated with porosity, indicating an origin by
micro-cracking. The porosity in the marked area is visible when the image is defocused, see
(e).
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Figure 4.6: (Continued) TEM microstructures of pure olivine sample 50AA (γ=4.7; Pc=1510
MPa). (e) The defocused section corresponding to Fig. 4.6d, to show porosity. Porosity is
indicated by arrows and appears as bright spots. (f) Disordered (double arrows) and ordered
(single arrows) dislocation walls form a cell structure in olivine.
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Figure 4.7: Representative microstructures of Lab-Fo composite 42AA deformed at Pc=1470
MPa. (a; BSEM) Labradorite (lab) grains are slightly elongated whereas olivine (fo) grains
are rounded. No reaction is observed. Bright rims around olivine result from charging of
the sample. Diagonal cracks are due to unloading. (b; TEM) An olivine grain with a high
dislocation density. Dislocations are straight and form loops at inclusions and defects (arrows).
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dislocation walls and dislocation-free grains are not observed. Thus, it appears that the
olivine in the Lab-Fo composite develops fewer recovery features compared to the pure
olivine sample (Fig. 4.6).
Labradorite microstructures resemble those of single crystal deformation experi-
ments (Stu¨nitz et al., 2003). Dislocation densities in labradorite are variable but mostly
high. Domains with a misorientation of a few degrees are bound by micro-cracks, local
high dislocation densities and high elastic strain (cell-like structures; Fig. 4.7d). Such
domains occur in regions with high dislocation densities. Micro-twins are often associ-
ated with the cell boundaries. Mechanical twinning has been observed to form during
fracturing in plagioclase (McLaren and Pryer, 2001; Stu¨nitz et al., 2003), so that some
boundaries of the cell structures may be healed micro-cracks. As in olivine, the vari-
able densities of dislocations and the partially micro-crack-induced cell structures in
labradorite are indicative of low temperature plagioclase plasticity.
Although the Lab-Fo sample deformed at Pc=1470 MPa only work hardened, few
isolated grains of garnet, spinel and orthopyroxene reaction products (size <1 µm) are
observed in local regions of high dislocation densities in labradorite grains (Fig. 4.7d).
Their occurrence is probably due to some reaction at Pc=1470 MPa, caused by the
small pressure overstepping of the labradorite-olivine stability field (Fig. 4.1c).
Anorthite-olivine composites at Pc ∼1000 MPa
Syndeformational reaction occurred in all strain weakened An-Fo samples. The weakened
An-Fo samples have distinctly different microstructures compared to the strain hardened
Lab-Fo samples. In the An-Fo sample deformed to large strain (γ=5.9) at Pc=1160
MPa the extent of reaction is ξplg ∼65% (Fig. 4.8a). Reaction and deformation oc-
curred homogeneously across the sample and decrease towards the undeformed ends of
the sample. In BSEM images, the An-Fo reaction is typically characterised by bright
aggregates of very fine-grained reaction products (size <1 µm) as well as dark enstatite
coronas around the olivine grains (Fig. 4.8b). Reaction products have coalesced and
have formed continuous connecting layers across the sample. The reaction products lay-
ers define clear C-S-fabrics with well-developed C’-shear bands (Berthe´ et al., 1979b),
consistent with the sense of shear. At Pc=1000 MPa, reaction does not occur under
hydrostatic conditions during the time span of the deformation experiments (Table 4.2).
After large strain (γ=5.9), anorthite grains have acquired an elongated shape, with
anorthite tails curving into the shear bands. These tails consist of dislocation-free
sub-micron sized plagioclase grains (Fig. 4.8c). No compositional differences between
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Figure 4.7: (Continued) Representative microstructures of Lab-Fo composite 42AA deformed
at Pc=1470 MPa. (c; TEM) A disordered dislocation array in olivine, which is associated
with porosity. The inset shows the defocused marked area, in which porosity is visible as
bright spots (arrows). (d; TEM) Deformed labradorite grains displaying high dislocation
densities. Single arrows indicate a micro-crack with local microtwins. The double arrow
indicates a domain bound by micro-cracks and elastically-strained regions. Note a newly
formed dislocation-free garnet (gnt) grain on the right.
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Figure 4.8: Representative microstructures of An-Fo composite 19AA deformed at Pc=1160
MPa. (a = 800x, b = 1600x, BSEM) The An-Fo sample is intensively deformed after large
strain (γ=5.9). Olivine (fo), anorthite (an) and fine-grained reaction products (rp; size <0.5
µm) define C-S-C’ shear bands (see inset, after Berthe´ et al., 1979a). Reaction products form
interconnecting layers in S-foliation orientation. Olivine grains have an enstatite (en) corona.
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Figure 4.8: (Continued: c; TEM) Small dislocation-free anorthite grains (size ∼0.25 µm)
occur in the tails of the elongated anorthite grains in (b), indicating dynamic recrystallisation
of anorthite.
the sub-micron and relict anorthite grains could be detected by EDS-TEM, indicat-
ing dynamic recrystallisation of anorthite. Olivine grains have less elongate shapes
and thus appear less deformed than anorthite. Exploratory observations with Electron
Backscattered Diffraction (EBSD) microscopy indicate that olivine developed a crys-
tallographic preferred orientation (K. Kunze, pers. comm.). These observations suggest
dislocation creep of olivine and more prominent recovery than in the pure olivine and
Lab-Fo samples.
Reaction continued to ξplg ∼78% in a sample that was kept for an additional 104
hours at 1030 MPa hydrostatic pressure after large strain deformation (γ=5.8; Fig. 4.9).
The coarser microstructure of the reaction product aggregates indicates that reaction
products coarsened under hydrostatic conditions, after new phases had nucleated during
the deformation stage (Fig. 4.8b). Therefore, it appears that shear deformation during
reaction inhibits the coarsening of the reaction products.
The An-Fo composite deformed to peak stress conditions at Pc= 990 MPa only
shows incipient formation of very small reaction products in isolated locations at the
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Figure 4.9: Representative microstructures of An-Fo composite 33AA, after a combined de-
formation and hydrostatic experiment at Pc=1030 MPa (BSEM). Large strain (γ=5.8) was
followed by an additional 104 hrs at Pc=1030 MPa hydrostatic pressure. Reaction progress is
ξplg ∼ 80%. The reaction products (rp) have coarsened. Olivine grains (fo) have a well-defined
enstatite corona (en). Relict anorthite (an) can only be observed as small patches. The inset
shows a detail of an anorthite grain and reaction products.
An-Fo interphase boundaries (ξplg ∼8%; Fig. 4.10). The slightly elongated grain shapes
of anorthite as well as the weak alignment of minerals in the shear direction indicate
that some plastic flow occurred in the composite.
Deformation to small strain (γ=1.7) at a lower strain rate of γ˙=4.0*10−6s−1 and
Pc=1040 MPa results in intermediate reaction progress (ξplg ∼ 45%). Reaction products
do not form continuous layers after this small amount of strain and C-S fabrics have
not developed. As in the Pc= 990 MPa sample deformed at γ˙=5.0*10
−5s−1, anorthite
and olivine grains display some plastic flow and have a shape preferred orientation in
the shear direction (Fig. 4.11).
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Figure 4.10: Representative microstructures of the An-Fo composite W1028 deformed up to
peak stress conditions at Pc=990 MPa (BSEM). Fine-grained reaction products have started
to form at the An-Fo interphase boundaries (ξplg ∼8%) before the onset of strain weakening.
Enstatite coronas around olivine can not yet be observed.
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Figure 4.11: Representative microstructures of An-Fo composite 55AA deformed at a shear
strain rate of γ˙=4.0*10−6s−1 and Pc=1040 MPa (BSEM). Reaction progressed to ξplg ∼ 45%
in 168 hours. Fine-grained reaction products (rp) and clear enstatite (en) coronas are present.
The reaction products have not yet formed interconnecting layers in the sample.
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Anorthite-olivine composites at Pc ∼1500 MPa
Incipient reaction products in a sample held hydrostatically at Pc=1490 MPa (Table
4.2) indicate that reaction starts under hydrostatic conditions after approximately 30
hrs in experiments with large pressure overstepping (Pc ∼1500 MPa). The run-in
time of the apparatus force piston to touch the samples and start deformation at γ˙
= 5.0*10−5s−1 takes about the same amount of time in some experiments (e.g. 15-30
hrs). As a consequence, reaction could have started in An-Fo composite samples at the
hit-point in experiments with a long run-in time.
In the An-Fo composite deformed to large strain (γ=4.9) at Pc=1630 MPa, approx-
imately 90% of the entire An-Fo composite displays full reaction progress (ξplg ∼ 90-
100%), characterised by the near complete disappearance of anorthite from the sample
(Fig. 4.12a). C-S-shear bands are present in the sample shear zone, but they are less
pronounced than those in samples deformed at lower confining pressures (Pc ∼1000
MPa). Relict olivine grains are embedded in a fine-grained reaction product matrix in
the Pc=1630 MPa sample (Fig. 4.12b). The An-Fo reaction has formed an enstatite
corona around olivine. The corona often grades into the other fine-grained reaction
products at the tails of relict olivine porphyroclasts. The enstatite tails give olivine
grains a σ-clast character consistent with dextral shear. The σ-clast geometries indic-
ate a strength contrast between less deformed olivine clasts and considerably more de-
formed matrix of reaction products. The enstatite grains in the corona are fine-grained
(size ∼0.25-0.5 µm; Fig. 4.12c). Relict olivine grains have a mixture of disordered and
ordered dislocation arrays, indicating some recovery of olivine during deformation (Fig.
4.12d).
In the An-Fo sample deformed to small strain and peak shear stress conditions at
Pc=1460 MPa (Fig. 4.13a), reaction has progressed further (ξplg ∼ 33%) compared to
the small strain sample at Pc=990 MPa(ξplg < 8%). Thin continuous rims of reaction
products have formed along all An-Fo interphase boundaries but no true connected
layers are observed in the sample. Olivine grains show more ordered dislocation sub-
structures, dislocation-free grains, and only some disordered-dislocation walls associated
with porosity, indicative of low temperature plasticity (Fig. 4.13b). Relict anorthite
grains have variable dislocation densities (Fig. 4.13c). Local bulging of dislocation-
free grains into adjacent regions of high-dislocation density indicates the operation of
bulging recrystallisation as a recovery mechanism 4.13d). Compared to the Lab-Fo
composites deformed at Pc ∼1500 MPa, there is a greater occurrence of dislocation-free
grains and well-defined subgrain structures in both anorthite and olivine grains in the
94
fo
rp
an
fo
rp
en
en
C
C'
S
Figure 4.12: Representative microstructures of An-Fo composite 28AA deformed to large
strain (γ=4.9) at Pc=1630 MPa. (a; BSEM, 400x) An-Fo reaction is nearly complete (ξplg ∼
90-100%). The sample ‘shear zone’ mainly consists of relict olivine (fo) and fine-grained
reaction products (rp). Relict anorthite (an) is observed sporadically. The inset shows C-S-C’
shear band orientations after (Berthe´ et al., 1979a).(b; BSEM, 1600x) Tails of enstatite grains
(en) extend into the reaction product matrix. Relict olivine grains have σ-clast geometries.
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Figure 4.12: (Continued) Bright field TEM microstructures of An-Fo composite 28AA (γ=4.9;
Pc=1630 MPa). (c) A relict olivine grain contains a disordered dislocation array and is
bounded by small newly-formed enstatite grains (size ∼0.25 µm). (d) Relict of olivine grain
displaying ordered dislocation walls (arrows). Olivine is surrounded by small grains of reaction
products (stars).
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Figure 4.13: Representative microstructures of An-Fo composite 32AA deformed up to peak
stress conditions at Pc=1460 MPa. (a; BSEM) Reaction products (rp) occur as a continuous
white rim around olivine (fo) and anorthite (an). (b; TEM) Olivine grains have ordered (left
arrow) and disordered dislocation arrays (right arrow).
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Figure 4.13: (Continued) Bright field TEM microstructures of An-Fo composite 32AA (γ=2.2;
Pc=1460 MPa). (c) Relict anorthite grains display variable dislocation densities. A high
dislocation density is observed in the bottom left, and lower density in the upper right. (d) A
dislocation-free anorthite grain bulges into the adjacent anorthite grain where there is a high
dislocation density.
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reacted sample. Thus, more evidence for recovery is found in the samples deformed
with reaction.
Syndeformational reaction products
The reaction products that formed during deformation at Pc=1000 MPa are identified as
clinopyroxene, orthopyroxene (enstatite) and spinel (Fig. 4.14a), which corresponds to a
spinel peridotite phase assemblage (Fig. 4.1b). Fine-grained (size <0.5 µm) dislocation-
free olivine grains often appear intermixed within the reaction products. In all deformed
samples, orthopyroxene is mainly observed as a corona around olivine. These corona
structures are typical for transport-controlled reactions (e.g. Fisher, 1978). The reaction
product aggregates in the Pc ∼1000 MPa samples dominantly consist of clinopyroxene,
spinel and orthopyroxene. A mixture of orthopyroxene, clinopyroxene, spinel and garnet
(±kyanite) formed during deformation at Pc=1630 MPa (Fig. 4.14b,c).
Most of the polyphase reaction products are very fine-grained (size ∼0.1-0.5 µm)
and dominantly free of dislocations (Fig. 4.14a). These small grains have equant grain
shapes (Fig. 4.14b). Orthopyroxene grains are often twinned (Fig. 4.14c). The stress
concentrations at neighbouring grains caused by twinning may induce dislocations that
move away from the stress concentration in these grains, as indicated by slip-traces
(Fig. 4.14c).
Orthopyroxene grains with a somewhat larger size (size ∼1 µm) contain arrays of
partial dislocations (Fig. 4.14d). The dislocations in orthopyroxene grains are at the
tips of (010)-stacking faults. Such faults typically form during deformation-induced
transformation via partial dislocations from ortho-enstatite to clino-enstatite (Kirby
and Stern, 1993). However, the ubiquitous presence of dislocation-free grains in the
reaction product aggregates, their small size (size ∼0.25 µm), equant grain shapes and
mixed character, suggest that the polyphase reaction product aggregates do not deform
by dislocation creep but by diffusion creep involving grain boundary sliding.
Summarising the mechanical and microstructural observations of plagioclase-olivine
experiments, the occurrence of a syndeformational plagioclase-olivine reaction causes
strain weakening. At low pressure overstepping (Pc ∼1000 MPa), the onset of weaken-
ing is associated with the onset of reaction. At high pressure overstepping (Pc ∼1500
MPa), the start of weakening coincides with the development of reaction product rims.
Therefore, the strain weakening of the An-Fo composites is associated with the forma-
tion of fine-grained (size ∼0.25 µm) reaction products. The onset of steady-state flow
(γ >5) corresponds to microstructures in which fine-grained reaction products form
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Figure 4.14: Representative TEM microstructures of syndeformational reaction products. (a-
b) Fine-grained spinel (sp), orthopyroxene (en), clinopyroxene (cpx) and garnet (gt) reaction
products that typically form at (a) Pc ∼1000 MPa and (b) 1500 MPa. The products are
<0.5 µm and dislocation-free. Small <0.5 µm forsterite-rich olivine grains (fo) are part of
the fine-grained mixture.
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Figure 4.14: (Continued: c) Newly formed orthopyroxene (en) and garnet grains (gt) in
sample 28AA (γ=4.9; Pc=1630 MPa). The orthopyroxene grain displays twinning. Stress
concentrations in the neighbouring grains caused by the twinning are indicated by slip traces
from the centre to the top left. (d) After large strain at Pc=1630 MPa (28AA), newly formed
opx grains have been deformed. The dislocations (left arrow) in opx grains are at the tips of
stacking faults (right arrow).
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interconnecting layers throughout the sample shear zone. In the absence of reaction,
plagioclase-olivine composites strain harden until the point of embrittlement.
4.5 Discussion
4.5.1 Strain hardening of Lab-Fo composites
The fact that the deformed Lab-Fo composites are considerably stronger than their
olivine and plagioclase end-members indicates that the An-Fo composite strength is not
only a function of the strength of its end-members. Two-phase rocks generally obey
composite flow laws deduced from end-member flow laws (Tullis et al., 1991; Ji and
Zhao, 1994; Ji et al., 2001), if the composite material deforms by identical deformation
mechanisms as the monophase material.
Our microstructural observations correspond well to other rheological studies on
polyphase rocks with a large strength contrast (e.g. quartz-feldspar: Dell’Angelo and
Tullis, 1996, anorthite-quartz: Ji et al., 2000, olivine-basalt: Hirth and Kohlstedt, 1995).
These studies indicate that when the stronger phase is volumetrically dominant, strain
is primarily accommodated by plastic flow of the weaker phase, while the stronger phase
remains rigid or deforms brittlely. Dell’Angelo and Tullis (1996) found that deformation
of quartz-feldspar aggregates at 700◦C resulted in a strength increase of quartz, which
rose above that of feldspar. They inferred that the increased quartz strength was due to
the scarcity of quartz-quartz grain boundaries in the aggregate, which limited recovery
by grain boundary migration recrystallisation.
Olivine and labradorite in the Lab-Fo composites have a high strength contrast
(τFo/τLab,An ≈ 350/100 ≈ 3.5). Dislocation creep processes primarily accommodate
deformation in endmember olivine and plagioclase and the dispersion of labradorite
and olivine in the composite is good (Fig. 4.7a). Therefore, similar to the quartz-
feldspar case of Dell’Angelo and Tullis (1996), a large number of plagioclase-olivine
interphase boundaries may have impeded the strain-induced grain boundary migration
recrystallisation in the individual phases.
During the low-temperature plasticity that characterises the Lab-Fo samples, the
high stresses (τ >500 MPa) cause some grain-scale cracking (Fig. 4.7c). Nevertheless,
the temperature is still high enough to allow some recovery in plagioclase (Fig. 4.7d)
and olivine (Fig. 4.7b). If plagioclase-olivine interphase boundaries inhibit grain bound-
ary migration, new plagioclase grains can only form by subgrain rotation recrystallisa-
tion. However, dislocation climb in plagioclase is limited at 900◦C and γ˙=5.0*10−5s−1
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(Stu¨nitz and Tullis, 2001; Stu¨nitz et al., 2003). Thus, the recovery processes in lab-
radorite and in olivine can not keep up with the build-up of dislocation densities.
Therefore, labradorite and olivine grains locally fracture during strain hardening by
low-temperature plastic deformation (Fig. 4.7c).
4.5.2 Reaction weakening of An-Fo composites
During constant strain rate deformation (γ˙=5.0*10−5s−1) and a reduction of grain size
by approximately one order of magnitude (from ∼7 µm olivine and plagioclase to ∼0.25
µm products), the shear stress decreases because the deformation mechanism changes
from grain size insensitive creep (dominantly dislocation creep) to grain size sensitive
creep (Fig. 4.2). The strain weakening of An-Fo composites can be explained by a trans-
ition in deformation mechanism from dominantly plastic flow of the ‘strong’ plagioclase-
olivine composite to dominantly grain size sensitive deformation of the ‘weak’ polyphase
reaction products and fine-grained recrystallised anorthite and olivine. This transition
is supported by the apparent strength decrease between olivine porphyroclasts and the
clinopyroxene-rich reaction product matrix (Fig. 4.12b). In deformation experiments
on single phase aggregates, clinopyroxene is only found to be weaker than olivine when
deforming within the grain size sensitive creep field (Bystricky and Mackwell, 2001;
Dimanov et al., 2003).
Because most of the reaction products have an extremely fine grain size (size <1
µm) and they are primarily dislocation free, it is probable that the new phases deform
by diffusion-accommodated grain boundary sliding (DAGBS). It is not uncommon,
though, that newly formed pyroxene grains contain dislocations (Fig. 4.14d). Therefore
some deformation may be accommodated by dislocation-accommodated grain boundary
sliding as well.
The implied reaction weakening mechanism, i.e. the formation of fine-grained reac-
tion products that deform by DAGBS, was inferred in other rock deformation studies
as well, although always during dehydration (Murrell and Ismail, 1976; Rutter and
Brodie, 1988a; Paterson, 1989; Olgaard et al., 1995) and hydration (Rutter et al., 1985;
Stu¨nitz and Tullis, 2001) reactions. In the An-Fo composites, the change in deformation
mechanism occurs in a dry state during simultaneous anhydrous reaction and plastic
deformation.
The onset of strain weakening in Pc ∼1000 MPa experiments is associated with the
first occurrence of fine-grained reaction products, as documented by experiment W1028
which was stopped at peak stress conditions (Fig. 4.10). Therefore, the observed
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weakening in the Pc ∼1000 MPa experiments is not transient and coincides directly
with the onset of the reaction in the composites. In the high pressure overstepping
experiments (Pc ∼1500 MPa), the reaction starts after approximately 30 hours. This
time approximately coincides with the ‘run-in’ time of the apparatus force piston to
reach the hit point. Thus, reaction starts due to the increased chemical driving potential
(e.g. due to pressure overstepping) approximately at the hit point. Therefore, reaction
products form earlier during An-Fo composite deformation in high pressure overstepping
experiments (Fig. 4.13a).
The difference in reaction progress between the high (Pc ∼1500 MPa) and low
(Pc ∼1000 MPa) pressure overstepping experiments can thus be explained by the faster
reaction kinetics due to the larger pressure overstepping. As a consequence, the bulk
sample strength is reduced and the peak shear stress in some of the high confining pres-
sure experiments can appear lower compared to lower confining pressure experiments
(Fig. 4.4b).
Regardless of the amount of pressure overstepping, the onset of steady-state flow in
the An-Fo composites is characterised by the coalescence of reaction product layers (Fig.
4.8a), or the formation of a matrix of fine-grained reaction products (Fig. 4.12a). The
reaction has not yet gone to completion after large strain (γ=5.9) in the Pc ∼1160 MPa
experiment. Therefore it appears that steady-state flow is mostly dependent upon the
coalescence of the reaction products into continuous layers rather than completion of
the reaction. The similar flow stresses at approximate steady-state conditions (τ ∼200
MPa; Fig. 4.4b), despite the different reaction progress, suggest that continuous layers
of newly-formed phases are the primary control on the composite flow strength.
During syndeformational dehydration of serpentinite (Rutter and Brodie, 1988b)
and hydration of plagioclase (Stu¨nitz and Tullis, 2001), the localisation of strain in
weak fine-grained reaction products was observed in narrow shear bands. The control
of the weakest phase forming continuous layers parallel to the bulk shear plane, on
the mechanical strength of two-phase rocks has been studied experimentally by Jordan
(1987). This study on the development of a foliation within limestone-halite aggreg-
ates shows that the strength of the bulk aggregate decreases as the foliation becomes
stronger.
In the An-Fo composites, continuous layers of fine-grained reaction products define
the main foliations. Typical C and S shear band structures are observed in all our
reacted samples that were deformed to large strain (Figs. 4.8a). Interconnecting layers
of reaction products are observed in C-S orientations. The coalescence of reaction
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product layers becomes stronger with increasing shear strain and with higher reaction
progress (compare Figs. 4.13a, 4.8a and 4.12a). The S-oriented layers of reaction
products become rotated toward the C-orientation with increasing strain. The C-layers
probably are the primary sites of strain accommodation (Jordan, 1987).
C’-planes have also developed, but only after a larger amount of strain (γ >2).
They do not develop at the onset of weakening at Pc ∼1000 and Pc ∼1500 MPa,
and may become obliterated with progressive reaction and deformation to large strain
(Fig. 4.12a). The C’-bands are defined by curved recrystallised tails of anorthite and
olivine (Fig. 4.8b). Strain softening can occur in the C’-structures during dynamic
recrystallisation of anorthite in layered quartz-anorthite composites (Ji et al., 2004). It
may be inferred that recrystallised grains of anorthite and olivine in the C’-bands have
accommodated some strain at these locations.
Strain weakening was not observed in the An-Fo sample deformed at a lower γ˙=4.0*10−6s−1
at Pc =1040 MPa. In this small strain experiment, the fine-grained reaction products
have not yet coalesced into continuous layers (Fig. 4.11). This lack of coalescence is
probably due to the small shear strain (γ=1.7). Therefore, the question remains open
whether a shear stress decrease will be observed after a larger strain at lower strain
rates.
Other weakening mechanisms probably have made only small contributions to the
weakening of the An-Fo composites. It is difficult to argue for an effect of transform-
ation plasticity (Poirier, 1985; Meike, 1993; Schmidt et al., 2003) because the An-Fo
reaction is first of all not a transient phenomenon during deformation and secondly
not of a polymorphic reaction type. Some disordered-dislocation substructures associ-
ated with porosity have been formed in the An-Fo composite deformed at peak stress
conditions at Pc=1460 MPa (Fig. 4.13c). The porosity indicates micro-cracking. Sim-
ilar dislocation microstructures occur in the strain hardened Lab-Fo composites as well
(Fig. 4.7d). Therefore, it is unlikely that grain scale micro-cracking contributed to the
observed composite weakening. Water weakening is not important during deformation
of plagioclase-olivine composites with a <30 ppm H2O content.
4.5.3 Recovery processes during reaction
Sub-micron and dislocation-free grains of anorthite (Fig. 4.8c) and olivine (Fig. 4.14a,b)
formed in the partially reacted An-Fo composite deformed to large strain at Pc=1160
MPa. Dislocation substructures formed in olivine and plagioclase prior to the strain
weakening (Fig. 4.13b). However, elongation of olivine and plagioclase porphyroclasts
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to large aspect ratios continues after the onset of weakening during progressive shear
deformation (Fig. 4.8b and 4.12b). More pronounced recovery features have been
observed in olivine in the reacted and weakened samples (Fig. 4.8c, d) compared to
unreacted ones (Fig. 4.7b-d). Thus it appears that reaction and deformation of fine-
grained reaction product aggregates enhanced recovery of the An-Fo composite grains.
Enhanced recovery during reaction may be explained by the reduction in shear
stress, i.e. the strain weakening, that is associated with the formation of new fine-
grained phases. In contrast to the strain hardened Lab-Fo composites, recovery pro-
cesses were able to keep up with the slower rate of deformation of olivine and plagioclase
porphyroclasts in the reacted samples because of strain partitioning. The strain rate
partitioning between the reaction product aggregates and the relict anorthite and oliv-
ine grains has been studied by de Ronde et al. (2004), who have shown that fine-grained
opx-cpx-spinel aggregates accommodate a large fraction of the finite strain.
Dynamic recrystallisation of anorthite is not associated with changes in composition
in the Pc ∼1000 MPa experiment, although anorthite is metastable. This observation
suggests that the driving potential for anorthite recrystallisation is solely due to strain
energy stored in the crystals (in the form of dislocations). Such dynamic recrystal-
lisation of metastable phases is only possible if the transport of material is strongly
inhibited. In other words, the local chemical equilibrium on a very small scale ( ∼1
µm) suggests a local chemically isolated system. Such a situation is consistent with the
dry conditions in the sample.
4.5.4 Application to nature
Our experiments demonstrate reaction-weakening effects that can lead to shear local-
isation in plagioclase lherzolites during prograde metamorphic reactions to spinel and
garnet lherzolites. Shear localization is important in models of mantle denudation dur-
ing crustal thinning and extension (Lemoine et al., 1987; Drury et al., 1991; Vissers
et al., 1995, 1997).
Microstructural studies in peridotites (Furusho and Kanagawa, 1999; Newman et al.,
1999; Handy and Stu¨nitz, 2002) suggest that there is a change in the dominant deform-
ation mechanism from dislocation to diffusion creep induced by reactions during the
transition from spinel peridotites to plagioclase peridotites, i.e. the reverse of the stud-
ied transformation. Striking similarities in microstructures and implied deformation
processes are found between the sheared Pc=1500 MPa An-Fo samples (Fig. 4.12b)
and plagioclase-bearing ultra-mylonites in the North Pyrenean Zone (Newman et al.,
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1999; Handy and Stu¨nitz, 2002).
In both cases, the reaction caused a strong reduction in grain size by forming new
fine-grained reaction products. Overall strain accommodation in the shear zones occurs
in interconnecting layers of new phases, which deform by grain size sensitive creep. The
fact that the natural reaction is the reverse of the experimentally studied one is of minor
consequence to the underlying processes because it is the small size of reaction products
that changes the deformation mechanism and not the type of reaction product itself.
In the An-Fo experiments, the weakening is caused by the transition in deformation
mechanism from grain size insensitive to grain size sensitive creep, and that transition
is also inferred in the natural examples (Newman et al., 1999; Handy and Stu¨nitz, 2002).
The investigated pressure-temperature range is realistic for the upper mantle in
extensional tectonic settings. The grain sizes of the reaction products are likely to
be somewhat larger in naturally deformed rocks (e.g. sizes <10 µm, Newman et al.,
1999); however the occurrence of grain-size sensitive creep shifts to large grain sizes at
slower natural strain rates (Fig. 4.2). Despite the fast experimental strain rates, our
microstructural results appear to be very similar to the natural cases. Therefore our
experiments provide a better understanding of the processes involved in some cases of
strain localisation in natural shear zones, and imply similar reaction weakening effects.
In order to obtain grain size sensitive creep (e.g. grain boundary sliding), grain sizes
have to be reduced by a significant amount (Brodie and Rutter, 1987). It is obvious from
the 0.25-µm reaction product grains that neocrystallisation of new phases is an effective
mechanism for grain size reduction. In order to maintain a strain weakened material
after grain size reduction, the preservation of small grains is important. Pinning of grain
boundaries by different adjacent phases reduces grain growth in polyphase material
(Olgaard and Evans, 1988; Olgaard, 1990). Phase boundary pinning is optimised in well-
mixed polyphase materials. The dispersion of different phases can be achieved during
grain boundary sliding of fine-grained material (Kruse and Stunitz, 1999; Kenkmann
and Dresen, 2002).
The An-Fo sample deformed to high strain and subsequently left at Pc=1030 MPa
hydrostatic pressure and 900◦C for 4 days (Fig. 4.9) shows only limited growth of the
new phases that formed during deformation (Fig. 4.8b). Grain growth of existing new
phases could have been hindered by either the lack of water, the further nucleation
of new phases or significant phase dispersion in the fine-grained aggregates. Well-
dispersed, polyphase reaction products appear crucial to the preservation of a reduced
grain-size. Therefore the effects of syndeformational reactions that produce polyphase
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reaction products under anhydrous conditions are expected to be efficient in suppressing
grain growth, even during prograde metamorphic conditions. Thus, the strain weaken-
ing of plagioclase-olivine composites is not a transient phenomenon because after the
weakening, there hardly is an increase in flow stress.
Most importantly, our experiments demonstrate that the localisation of strain by
mineral reactions can be achieved under dry, anhydrous conditions. Basement rocks
can be dry for long periods of time under metamorphic conditions, with only short and
localised periods of fluid infiltration (e.g. Rubie, 1986; Jackson et al., 2004). Also, most
rock-forming minerals are solid-solution phases, and their stability is likely to change
along any given P,T-path during their tectonic history (e.g. Newman et al., 1999; Stu¨nitz
and Tullis, 2001). Therefore, rheological weakening by water-deficient reactions alone
is a good candidate for strain localisation in the upper mantle and lower crust, and in
other polyphase rocks under a wide range of geological conditions as well.
4.6 Conclusions
In order to study the effects of a solid-solid mineral reaction on the plastic behaviour
of rocks, we have performed shear deformation experiments on anhydrous plagioclase-
olivine composites at 900◦C, confining pressures of 1000-1600 MPa and a constant
γ˙ ∼5*10−5s−1. Good agreement was found with natural observations of strain localisa-
tion. Our results point to mineral reactions as important causes for strain localisation
in the upper mantle and lower crust. The following conclusions can be made:
1. Under dry conditions, strain localisation in plagioclase-olivine composites can be
caused by syndeformational solid-solid metamorphic reactions.
2. At all chosen confining pressures and in absence of reaction, labradorite-olivine
composites strain-harden to high stresses, close to the brittle-plastic transition.
The strain hardening is probably caused by labradorite-olivine phase boundaries,
which prevent recovery processes that require grain boundary migration.
3. Dry syndeformational reaction of anorthite and olivine composites causes a pro-
nounced strain weakening.
4. The reaction weakening mechanism results from grain size reduction by devel-
opment of fine-grained polyphase reaction products. The polyphase reaction
products deform by a grain size sensitive creep mechanism (e.g. grain bound-
ary sliding). As a result, syndeformational reaction causes a change from grain
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size insensitive dislocation creep of the anorthite-olivine composite to grain size
sensitive creep of reaction products.
5. The onset of the strain weakening coincides with the onset of reaction. The
reduction in shear stress and onset of steady-state flow involves the progressive
coalescence of fine-grained polyphase reaction product aggregates in interconnect-
ing layers. Most of the applied strain is partitioned into the interconnecting layers
of reaction products.
6. Strain partitioning into reaction product layers reduces the strain rate in anorthite
and olivine porphyroclasts. As a result, original anorthite and olivine grains
deform at lower strain rate conditions as well as lower stress, which enhance
dislocation climb.
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Chapter 5
Reaction mechanisms and kinetics
during plastic deformation of
anorthite-olivine composites ∗
5.1 Abstract
Although the concentration of metamorphic reactions in ductile shear zones is often
attributed to the presence of fluids during deformation, plastic deformation certainly
contributes to the reaction progress. We have studied the effects of plastic deformation
on the kinetics of the net-transfer reaction anorthite + olivine → orthopyroxene +
clinopyroxene + spinel ± garnet. These metamorphic reactions play important roles
during shear localisation in the lower crust and upper mantle during crustal thinning
and extension.
Hydrostatic and shear deformation experiments were performed on water-deficient
anorthite-olivine (An92-Fo93) composites at 900
◦C and confining pressures between
1000-1600 MPa in a Griggs apparatus. The hydrostatic and deformed samples were
compared in terms of phase petrology, reaction progress and mechanisms.
At hydrostatic conditions, the anorthite + olivine reactions are controlled by the
transport of chemical components. The slow growth rates of enstatite and pyroxene-
spinel-garnet reaction rims imply slow rates of transport and delayed nucleation of new
phases at water-deficient conditions, even at pressure overstepping conditions of ∼700-
900 MPa.
∗A.A. de Ronde, H. Stu¨nitz, J. Tullis. To be submitted for publication in Contributions to Miner-
alogy and Petrology, Springer-Verlag Heidelberg
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Despite the water-deficient conditions, plastic deformation enhances mineral reac-
tion in An-Fo composites. Reaction progress as well as the nucleation and growth rate
of reaction rims increase during plastic deformation. The transport-controlled synde-
formational reaction is enhanced by an increased nucleation rate of new phases, which
may be due to the generation of high dislocation densities in the reactant grains by
plastic deformation. During shear deformation, the mechanical transport of phases by
grain boundary sliding may change the local equilibrium conditions, resulting in the
formation of metastable kyanite. The results of our experiments imply that plastic
deformation processes can be solely responsible for the initiation and concentration of
metamorphic reactions at water-deficient conditions.
5.2 Introduction
Mineral reactions in deforming rocks play an important role in many tectonic envir-
onments because of their influence on the mechanical properties of rocks (White and
Knipe, 1978; Rubie, 1983; Brodie and Rutter, 1987). For example, eclogitisation of the
subducting oceanic crust leads to slab pull, and the metastability of high-pressure rocks
is essential for the survival of thick mountain roots (Jackson et al., 2004). Retrograde
reactions in the upper mantle are known to cause strain localisation during the exhuma-
tion of upper mantle peridotites (Furusho and Kanagawa, 1999; Newman et al., 1999;
Handy and Stu¨nitz, 2002). Thus, our understanding of the reaction kinetics and the
external processes that trigger and enhance reaction during deformation are important
issues in tectonics.
Metamorphic reactions are often localised in shear zones, while the undeformed host
rocks only show limited or no reaction progress (e.g. Kerrich et al., 1980; Rubie, 1983;
Brodie and Rutter, 1985; Marquer et al., 1985; Austrheim, 1987; Keller et al., 2004).
One reason for enhanced reaction kinetics is the presence of fluids during deformation.
Fluid infiltration can easily take place in permeable shear zones, for example along
for micro-fractures or through fine-grained recrystallised rocks. Hydrous fluid is an
extremely effective catalyst in mineral reactions and mass transport (Rubie, 1986).
Although the triggering of metamorphic transformations is often attributed to the
infiltration of fluids during ductile deformation (Austrheim, 1987; John and Schenk,
2003), there is a common understanding that plastic deformation may also significantly
contribute to metamorphic reaction processes (e.g. Brodie and Rutter, 1985; Stu¨nitz,
1998). For example, Simpson and Wintsch (1989) postulate that stress and strain
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energy concentrations are the driving force in a K-feldspar replacement reaction between
quartz and plagioclase. They suggest that the redundant extra strain energy on high
normal stress sites of the grains favours localised reaction at these sites. This strain
energy could arise from elastic strain or be associated with tangled dislocations and twin
boundaries. However, the evaluation of effects of strain and dislocations on reaction
in natural shear zones is difficult to assess because the addition of water may obscure
the contribution of strain energy during metamorphic reactions (Rubie and Thompson,
1985). Therefore, the effects of plastic deformation on mineral reactions need to be
studied in water-deficient rocks.
Experimental studies on the effects of ductile deformation on reaction processes have
primarily focused on kinetics of polymorphic transformations (e.g. Davis and Adams,
1965; Doukhan and Christie, 1982; Snow and Yund, 1987; Burnley and Green, 1989;
Kirby and Stern, 1993; Green and Houston, 1995). However, many phase transitions in
dry upper mantle and lower crust involve net transfer reactions with multiple reactants.
Nucleation of new phases, material transport and growth of reaction products occur
during deformation. The mutual effects that reaction and deformation have on each
other are still poorly understood in natural rocks.
The effect of a dry solid-solid mineral reaction on plastic deformation of plagioclase-
olivine composites has been studied in shear deformation experiments by de Ronde
et al. (2004, Chapter 4). In these experiments, prograde syndeformational reactions
between anorthite (An92) and olivine (Fo93) at 900
◦C and 1000-1500 MPa confining
pressures cause a strain weakening of the An-Fo composites. It is observed that the
onset of observed weakening corresponds to the onset of mineral reaction, and that
decreasing shear stress results from the grain size reduction produced by crystallisation
of fine-grained (size <0.5 µm) polyphase reaction products.
In the sheared An-Fo composites, the greatest reaction progress correlates with the
sites of largest strain (de Ronde et al., 2004), and complete reaction progress occurs
within a relatively short laboratory time scale. These experiments indicate that plastic
deformation enhances the mineral reaction between anorthite and plagioclase, even
under dry conditions. In order to further investigate the potential effect of plastic
deformation on the kinetics and mechanisms of a net transfer reaction, we have made
a comparison of the experimentally deformed anorthite-olivine composites (Chapter 4)
with hydrostatically treated anorthite-olivine composites (i.e. ‘hydrostatic’ samples)
at the same P,T-conditions. The two types of experimental samples are compared in
terms of phase petrology, reaction progress and reaction mechanisms.
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5.3 An-Fo reaction in the NCFMAS-system
Mineral assemblages consisting of anorthite and olivine are typical for low pressure
high temperature plagioclase peridotites as well as some gabbros. The plagioclase-
olivine phase relationships in the CaO-MgO-Al2O3-SiO2-system (CMAS) are known
from experiments (Green and Hibberson, 1970; Kushiro and Yoder, 1966; Jenkins and
Newton, 1979; O’Neill, 1981; Gasparik, 1984; Herzberg and Gasparik, 1991; Klemme and
O’Neill, 2000). In this study we have to take into account the fayalite and albite com-
ponents of olivine and plagioclase because natural minerals were used for the study. The
equilibrium phase diagram for our An-Fo composites (An92+Fo93, Table 5.1) in the sys-
tem Na2O-CaO-FeO-MgO-Al2O3-SiO2 (NCFMAS) is calculated using the DOMINO-
THERIAK software (de Capitani and Brown, 1987; de Capitani, 1994). These programs
use the Berman (1988) database, the plagioclase solution model of Fuhrman and Lind-
sley (1988), the omphacite solution model of Meyre et al. (1997) and the orthopyroxene
model of Hunziker (2003).
The calculated equilibrium phase diagram of the An-Fo composites is given in Fig-
ure 5.1. The applied confining pressures in the experiments (Pc ∼1000-1600 MPa)
represent different amounts of pressure overstepping of the An-Fo stability field in the
NCFMAS-system. At fixed temperature, increasing the pressure corresponds to an ex-
pected increased Gibbs free energy of the metastable An-Fo composite and hence an
expected increase of the reaction rate. The experiments were performed in the spinel
Blumone Anorthite A˚heim Forsterite
wt.% Ions per wt.% Ions per
oxides 8 O oxides 4 O
SiO2 45.26 2.090 41.18 1.001
Al2O3 34.78 1.893 0.00 0.000
MnO 0.00 0.001 0.05 0.000
FeO 0.56 0.021 7.31 0.149
MgO 0.09 0.006 50.97 1.847
CaO 18.42 0.912 0.07 0.002
Na2O 0.90 0.080 0.01 0.000
K2O 0.02 0.001 0.00 0.000
Total 99.94 5.004 99.59 2.999
Normalised mol% of mineral end-members
An92 Fo93
Ab8 Fa7
Or0
Table 5.1: Electron microprobe
analyses of Blumone gabbro
anorthite and A˚heim dunite
olivine. Analyses represent an
average of 10 measurements.
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Figure 5.1: Phase diagram for plagioclase, spinel and garnet bearing peridotites in the
NCFMAS-system. The diagrams are calculated for a 0.48 An92 + 1.16 Fo93 bulk composition
(49-51 vol.% An-Fo composite) using the program DOMINO (de Capitani and Brown, 1987;
de Capitani, 1994) and the Berman (1988) database. Solid solution models used: Fuhrman
and Lindsley (1988) (plagioclase), Meyre et al. (1997) (clinopyroxene) and Hunziker (2003)
(orthopyroxene). Stars: hot pressing conditions inside the An-Fo stability field. Circles: hy-
drostatic experiments. Squares: shear deformation experiments. Open symbols: experiments
in the spinel peridotite (SP) field. Solid symbols: experiments in the garnet peridotite (GP)
field. Dashed line: compilation of experimental data of the SP-GP transition in the CMAS
(Green and Hibberson, 1970; Kushiro and Yoder, 1966; Jenkins and Newton, 1979; O’Neill,
1981; Gasparik, 1984; Herzberg and Gasparik, 1991; Klemme and O’Neill, 2000).
peridotite (SP) and garnet-spinel (GP) peridotite fields. In these fields, anorthite (an)
and olivine (ol) react to spinel (sp), clinopyroxene (omphacite; cpx), orthopyroxene
(opx) and garnet (gt) bearing mineral assemblages. The theoretical mineral reactions
marking the change in the equilibrium assemblages as depicted in (Fig. 5.1) are given
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by
1.2 ol + 0.49 an→ 0.49 opx + 0.49 cpx + 0.28 ol + 0.39 sp (5.1)
for the spinel peridotite field (Pc ∼1000 MPa) and
1.2 ol + 0.49 an→ 0.32 gt + 0.34 cpx + 0.55 ol + 0.13 sp (5.2)
for the garnet-spinel peridotite field (Pc ∼1500 MPa) respectively. As shown by
de Ronde et al. (2004), these reactions typically form a rim of enstatite (en) around oliv-
ine porphyroclasts as well as a fine-grained reaction rim of polyphase reaction products
(primarily cpx, opx, sp, ±gt) in these experiments. We will refer to the first as the
‘enstatite rim’ and the latter as the ‘SP’-rim or ‘GP’-rim, referring to the peridotite
field in which reaction occurs.
Reactions 5.1 and 5.2 indicate that olivine is part of the reaction products mineral
assemblage. Hence, full reaction progress is characterised by the complete disappearance
of anorthite from the rock whereas some olivine remains. Therefore, reaction progress
is defined by the amount of anorthite transformation, ξAn,
ξAn = 1− VAnresidual
VAninitial
= 1− VAnresidual
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which describes the volume fraction of transformed anorthite with respect to the initial
An-Fo composite (see following sections).
5.4 Experimental procedures
The experimental procedure for preparing the An-Fo (An92-Fo93) composites is given
in Chapter 4 and the reader is referred to that work for a more detailed description.
The experiments have been performed in a Griggs piston cylinder apparatus using an
all NaCl-confining medium sample assembly (Fig. 5.2a). In this kind of assembly,
the An-Fo composite sample is orientated in a shear geometry between two dunite
forcing blocks. The temperature of the experiment is measured directly at the centre
of the sample (Fig. 5.2b). Considering the central part of the sample, only a small
temperature gradient is assumed across the sample.
The dunite forcing block pistons are 6.3 mm diameter cores of Balsam Gap dunite
and A˚heim dunite, which are cut and ground at 45◦ to their cylinder axis. The dunite
forcing blocks were thoroughly dried for 12 to 24 hours at 980-1000◦C in a CO-CO2
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Figure 5.2: Schematic diagram of the sample assembly used in the experiments. (a) Sample
assembly with a solid NaCl-confining medium. (b) An-Fo sample between two dunite forcing
blocks, which are cut at 45◦ to their vertical axis. The sample + forcing block jacket consists
of mechanically-sealed inner Ni-foil and outer weld-sealed Pt tubing.
gas mixture (Table 5.2). The drying resulted in weight losses up to 0.75% due to the
dehydration of small amounts of hydrous minerals like serpentine. Anorthite-olivine
(An-Fo) mixtures were prepared from powders with a 4 to 10 µm grain size of A˚heim
dunite olivine (Fo93) and Blumone gabbro anorthite (An92). The powders were stored
in an oven at 110◦C for at least 72 hours (‘oven-dried’). The oven-dried powders have
some absorbed water on the mineral grain boundaries, which was required for sufficient
grain growth in the plagioclase-olivine composite during the hot pressing stage of the
experiment at the relatively low temperatures of 970◦C.
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fo
Figure 5.3: Backscattered scanning electron microscope (BSEM) image of An-Fo composite
44AA after 48 hr annealing at 965◦C and 750 MPa. Phases: anorthite (an= An92, light grey,
low relief), olivine (fo = Fo93, dark grey, high relief). Average An-Fo vol.% ratio = 49-51
(±2)%. The initial mean grain size of olivine and presumably plagioclase is 6.9±2.6 µm.
Sample porosity and holes ∼2% (black). White rims are due to charging of the sample.
5.4.1 An-Fo composite starting material
Dense An-Fo composites were obtained by isostatic hot pressing of the anorthite-olivine
powder mixtures for 24-48 hours at high temperatures of 900-1050◦C and pressures
Pc=740-860 MPa (Fig. 5.1 and 5.3). These conditions were chosen to keep the as-
semblage in its stability field during the hot pressing. After hot pressing, anorthite and
olivine have a mean initial grain size of 7±2.6 µm and are mixed in a 49-51(±2) volume
percent ratio (0.8-2.0 An-Fo molar ratio). No new phases were observed after 48 hours
of annealing. No microscopic reaction products were added to the starting material
(i.e. ‘unseeded’ samples).
In order to determine the H2O-content of the hot pressed samples, we have measured
the infrared absorption of hydrogen in the olivine of the dunite forcing blocks. At 900◦C
and Pc=300 MPa, diffusion rates of hydrogen in olivine can range from 10(±5)*10−11 to
10(±5)*10−12 m2s−1 depending on crystal orientation (Mackwell and Kohlstedt, 1990).
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Using these data, hydrogen is calculated to diffuse 500-3000 µm into the olivine grains
at the duration and temperature of the experiments ( >24 hr, 900◦C). Therefore, the
large (size >100 µm) olivine grains in the forcing blocks can be used as an internal
standard to determine the hydroxyl content of the complete sample (plagioclase-olivine
composite and dunite forcing blocks), especially the fine-grained regions, where the
grain size is too small to be probed by FTIR.
Analyses of unpolarised hydroxyl adsorption in olivine were made using a Brukner
high resolution FTIR spectrometer at the Bayerisches Geoinstitut and at the Univer-
sity of Hannover, Germany. Doubly polished sections were used with a 100-150 µm
thickness. Measurements were made at room temperature for a 3000-4000 cm−1 wave
number range. Hydroxyl species were not measured above the detection limit of ap-
proximately 490 H/106Si in all samples with dunite pistons. This amount of hydroxyl
corresponds to an H2O-content of 630 ppm (0.003 wt.%) for the olivine (Fo90) pistons
and hence for the plagioclase-olivine composites.
No intra-crystalline or grain boundary H2O above the 30 ppm detection limit was
measured using FTIR. Because all samples were treated identically during preparation,
we suspect that the continuous storage of mineral powders at 110◦C has not allowed for
substantial adsorption of water to the mineral grain boundaries. During subsequent hot
pressing of the powders, the thoroughly dried dunite pistons probably acted as large
sinks for any absorbed water within the entire sample. The FTIR analyses indicate
that the hot pressed An-Fo composites can be considered as dry mineral samples.
5.4.2 Hydrostatic and shear deformation experiments
All experiments were performed at 900◦C and confining pressures Pc of 1000-1600 MPa
(Fig. 5.1). The An-Fo composites were deformed with constant shear strain rates (γ˙)
to variable amounts of strain (γ) or left at hydrostatic pressure for a certain amount
of time. Table 5.2 lists the experiments used in this study. The pressure inside the
sample assembly is maintained by a top lead piece sealing off the assembly. No initial
contact exists between the deformation actuator and the top zirconia piston above the
jacketed sample (Fig. 5.2a). In order to start the sample deformation, the force piston
first has to travel through the lead until it reaches the ‘touch-point’ with the top piston
and sample. Therefore, the total duration of deformation experiments consists of two
parts: (1) a hydrostatic part in which the force piston advances towards the sample
touch-point and (2) the part of actual sample deformation. Because both parts occur
at a pressure outside the An-Fo stability field, the total time of hydrostatic experiments
118
T
ab
le
5.
2:
Su
m
m
ar
y
of
an
or
th
it
e-
fo
rs
te
ri
te
ex
pe
ri
m
en
ts
a
.
R
un
D
ry
in
g
ho
t
pr
es
si
ng
H
yd
ro
st
at
ic
c
Sh
ea
r
de
fo
rm
at
io
nd
V
ol
.
ph
as
es
(%
)e
N
o.
T
t
t
T
P
c
P
c
t h
y
γ˙
·1
0−
5
γ
t d
e
t t
o
ta
l
A
n
Fo
E
n
SP
ξ
(◦
C
)
(h
r)
(h
r)
(◦
C
)
(M
P
a)
(M
P
a)
(h
r)
(s
−1
)
(h
r)
(h
r)
G
P
44
A
A
98
0
24
F
B
48
96
5
75
0
49
51
0.
00
W
10
46
10
00
12
al
l
24
10
50
76
0
10
00
19
19
.0
51
49
0.
00
36
A
A
98
0
24
F
B
48
97
0
79
0
10
30
16
8
16
8.
0
43
47
←
10
0.
12
47
A
A
98
0
24
F
B
48
97
5
74
0
10
60
73
.3
73
.3
45
55
0.
00
W
10
45
f
10
00
6
al
l
24
90
0
79
0
14
90
30
30
.0
46
54
<
0.
01
49
A
A
98
0
24
F
B
48
97
5
76
0
15
10
59
59
.0
36
49
←
15
0.
27
34
A
A
98
0
24
F
B
48
95
0
75
0
15
10
16
7.
5
16
7.
5
13
31
21
35
0.
73
W
10
28
g
10
00
13
al
l
24
10
50
78
0
99
0
12
.5
4.
9
4.
1
23
.3
35
.8
45
48
←
7
0.
08
33
A
A
h
98
0
24
F
B
48
98
0
81
0
10
30
22
.2
4.
3
5.
8
37
.7
16
3.
9
11
19
22
48
0.
78
19
A
A
10
00
24
F
B
24
10
00
83
0
11
60
37
4.
7
5.
9
35
.0
72
.0
17
21
19
43
0.
65
32
A
A
98
0
24
F
B
48
98
0
76
0
14
60
22
.8
3.
8
2.
2
15
.9
38
.7
33
48
←
19
0.
33
28
A
A
10
00
24
F
B
48
98
0
86
0
16
30
26
.8
4.
0
4.
9
34
.0
60
.8
2
21
25
54
0.
96
55
A
A
98
0
24
F
B
48
96
5
75
0
10
40
49
.5
0.
4
1.
7
11
5.
4
16
4.
9
27
28
19
26
0.
45
a
A
ll
ex
pe
ri
m
en
ts
w
er
e
pe
rf
or
m
ed
at
90
0◦
C
b
D
ry
in
g
in
C
O
-C
O
2
-g
as
at
at
m
os
ph
er
ic
pr
es
su
re
:
al
l
=
dr
ie
d
po
w
de
r
+
fo
rc
in
g
bl
oc
ks
,
F
B
=
dr
ie
d
fo
rc
in
g
bl
oc
ks
+
ov
en
-d
ri
ed
po
w
de
rs
(1
10
◦ C
,
>
72
hr
s)
c
t h
y
:
du
ra
ti
on
at
hy
dr
os
ta
ti
c
co
nfi
ni
ng
pr
es
su
re
d
t d
e
:
du
ra
ti
on
of
‘s
am
pl
e
de
fo
rm
at
io
n’
;
t t
o
ta
l
=
t d
e
+
t h
y
e
E
st
im
at
ed
vo
lu
m
e
pe
rc
en
ta
ge
s
of
ph
as
es
an
d
re
ac
ti
on
ri
m
s.
A
rr
ow
s
(
←
)
in
di
ca
te
th
at
th
e
en
st
at
it
e
ri
m
w
as
no
t
ob
se
rv
ed
,
bu
t
m
ig
ht
be
pa
rt
of
th
e
m
ea
su
re
d
ol
iv
in
e
vo
lu
m
e.
f
Sa
m
pl
e
w
it
h
3.
4±
1.
2
µ
m
st
ar
ti
ng
gr
ai
n
si
ze
(d
e
R
on
de
et
al
.,
20
04
)
g
T
he
sh
ea
r
st
ra
in
va
lu
e
is
sm
al
le
r
th
an
ca
lc
ul
at
ed
du
e
to
fo
rc
in
g
bl
oc
k
de
fo
rm
at
io
n
h
T
hi
s
sa
m
pl
e
w
as
ke
pt
hy
dr
os
ta
ti
ca
lly
at
P
c
=
10
40
M
P
a
fo
r
10
4
hr
s
af
te
r
de
fo
rm
at
io
n
Chapter 5 Reaction mechanisms and kinetics during plastic deformation 119
was chosen to be equal to the total time of the deformation experiments. This allowed a
direct comparison of the potential reaction period in hydrostatic and deformed samples.
Unfortunately, some deviations exist between sets of hydrostatic and deformed samples,
due to difficulties in reproducing identical confining pressures. The comparison of the
deformation and hydrostatic experiments in terms of time, shear strain, forcing block
offset and microstructures is illustrated in Figure 5.4a. The mechanical data of the
general shear experiments as shear stress (τ) versus shear strain (γ) are given in Figure
5.4b.
5.4.3 Sample characterisation
Thin sections were prepared normal to the sample-forcing block interface and parallel to
the shear direction. The samples were studied in backscattered imaging mode (BSEM)
using an EDS-equipped Phillips XL 30 Field Emission scanning electron microscope.
A transmission electron microscope (TEM) equipped with an energy-dispersive sys-
tem (EDS) was used to identify the mineral assemblages of sub-micron sized reaction
products and to obtain information on grain sizes and dislocation microstructures of
all phases.
The volume percentages of anorthite, olivine and reaction product phases were es-
timated from their area percentages in thin section (Underwood, 1970). The area
percentages of the phases were obtained by detailed tracing of phase boundaries as well
as thresholding of phases in representative high quality mosaics of four BSEM-images
of the samples with 1600x magnification. Errors in the estimated volume percentages
due to tracing are in the order ±1% and the error in the mean volume percentages is
±2%.
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5.5 Microstructures
5.5.1 Experiments in the spinel peridotite (SP) field
At hydrostatic conditions and Pc=1060 MPa ( ∼300 MPa pressure overstepping), the
An-Fo reaction in the SP-field does not take place in the time span of deformation
experiments (ttotal=73 hr, Fig. 5.5a). The only clear reaction products in the SP-field
have been observed in the hydrostatic sample kept at Pc=1030 MPa for 168 hr (Fig.
5.5b). Small patches of fine-grained products occur quite homogeneously throughout
the sample (ξ=0.12.). However no continuous SP-rims form, which indicates that the
nucleation of new phases in the dry samples is difficult and does not occur at all in-
terphase boundaries. An enstatite rim was not observed below ξ=0.10. The time
required for nucleation of new phases under hydrostatic conditions in the SP-field is
not well constrained in the data presented here.
Deformation to peak stress conditions at Pc=990 MPa resulted in a reaction progress
of ξ=0.08 (ttotal=36 hr, Fig. 5.5c). The slightly elongated grain shapes of anorthite as
well as the weak alignment of minerals in the shear direction indicate some plastic flow.
The observed reaction progress is similar to that for the 168 hr hydrostatic sample at
Pc=1030 MPa (Fig. 5.5b), which suggests that the rate of reaction is higher during
deformation. The nucleation of product phases must be triggered by shear deformation
as well, because the reaction does not start under hydrostatic conditions after 36 hours
(Fig. 5.5a).
Deformation of An-Fo composites to large strains (γ >3) is characterised by a strain
weakening (Fig. 5.4). Plastic deformation of anorthite and olivine to a shear strain of
γ=5.9 at Pc=1160 MPa (ttotal=72 hr) is partially accommodated by dynamic (‘syntec-
tonic’) recrystallisation of olivine and anorthite and deformation of reaction products
(Chapter 4). During dynamic recrystallisation, dislocations in anorthite and olivine
grains are arranged into dislocation walls (formation of subgrains). Subgrain rotation
as well as migration of grain boundaries (grain boundary bulging) produces new recrys-
tallised grains. As a result, the deformed anorthite and olivine grains are elongated and
have fine-grained recrystallised tails (Fig. 5.5d and 5.6a).
Deformation to large strain (γ=5.9) at Pc=1160 MPa results in extensive reaction
(ξ=0.65; ttotal72 hrs; Fig. 5.5d). It is striking that the reaction progress is more than
five times higher than that of the hydrostatic sample at Pc=1030 MPa for 168 hr
(ξ=0.12). The syndeformational reaction is characterised by a continuous rim (SP-rim,
width ∼0.8 µm) of fine-grained (size < 1 µm) reaction products around anorthite grains
122
an
fo
an
fo
sp
Figure 5.5: Representative microstructures of An-Fo composites in the SP-field (BSEM).
Phases: fo (olivine), an (anorthite), sp (opx+cpx+spinel), en (enstatite rim). (a) Hydrostatic
sample 47AA at Pc=1060 MPa for 73.3 hour. An-Fo reaction has not occurred (ξ=0.0). (b)
Hydrostatic sample 36AA at Pc=1030 MPa for 168 hour. Small patches of products formed
at anorthite-olivine interfaces (ξ=0.12).
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Figure 5.5: (Continued: c) At Pc=990 MPa, syndeformational products formed in sample
W1028 after 35.8 hours of deformation to peak stress conditions (ξ=0.08). (d) Sample 19AA
deformed to large strain at Pc=1160 MPa (ttotal=72 hr, γ=5.9) is characterised by strongly
deformed anorthite and olivine grains and extensive reaction (ξ=0.65). Fine-grained SP-
reaction products have coalesced and form layers across the sample. Olivine grains have an
enstatite rim.
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as well a thin (width ∼0.6 µm) enstatite rim around olivine grains (Fig. 5.5d). Shear
displacement of the reaction products causes them to coalesce, forming interconnecting
layers across the sample. As a result, the original geometry of the SP-rims is somewhat
obscured in the deformed sample. The reaction products have accommodated most of
the shear displacement in the interconnecting layers by non-frictional grain boundary
sliding (Chapter 4), which allows small grains to slide past each other (Ashby and
Verrall, 1973; Boullier and Gueguen, 1975).
The enstatite rim of olivine grains does not extend into the tails of olivine porphyro-
clasts (Fig. 5.5d). The smooth interface between the enstatite rim and olivine indicates
that the reaction between anorthite and olivine is possibly transport-controlled, because
well-developed mineral zones with sharp zone boundaries are characteristic structures
for transport controlled reactions (Fisher, 1978).
The syndeformational reaction products that formed in the spinel peridotite field
samples have been identified as orthopyroxene (opx), clinopyroxene (cpx) and spinel
(Fig. 5.6b). The new phases are fine-grained (size <0.5 µm) and dislocation-free.
Small olivine grains, originating from dynamic recrystallisation, as well as opx appear
dispersed in the SP-rim. Small ∼0.25 µm grains of metastable anorthite occur in re-
crystallised anorthite aggregates (Fig. 5.6a). The presence of such metastable anorthite
grains adjacent to newly formed reaction products indicates that local equilibrium may
be preserved on a very small scale ( ∼1 µm).
When an An-Fo sample is deformed to large strain (γ=5.8) at Pc=1030 MPa and
subsequently subjected to hydrostatic treatment for 104 hours, coarser-grained reaction
products (size up to 1 µm) and thicker enstatite rims (width ∼2 µm) develop around
olivine (Fig. 5.7a). The coarsening of reaction products in this sample is indicated by
their more granular microstructure (Fig. 5.7a) compared to the sample that was only
deformed to large strain (γ=5.9; Fig. 5.5d). Probably, some growth occurs of the very
small minerals (size <0.25 µm) that formed during the preceding period of deformation
(Fig. 5.5d and 5.6b). However, even after the additional 104 hours of hydrostatic
treatment, full transformation of anorthite was not achieved (ξ=0.78) and fine-grained
remnants (size ∼2 µm) of plastically deformed anorthite are still observed throughout
the sample (Fig. 5.7b).
Sample deformation to small strain (γ=1.7) at a lower strain rate of γ˙ = 4.0*10−6s−1
and Pc=1040 MPa (Fig. 5.8) takes place at a much lower shear stress (τ=60 MPa).
Comparison of this sample to the sample deformed to large strain (γ=5.9) at high
shear stress (τ >150 MPa) and γ˙=5.0*10−5s−1 (ξ=0.65, Fig. 5.5d), indicates that
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Figure 5.6: Representative microstructures of deformed An-Fo composites in the SP-field
(bright-field TEM). (a) Small dislocation-free anorthite (an) grains (size ∼0.25 µm) make up
the tails of the elongated anorthite grains in Fig. 5.5d. These small metastable anorthite
grains occur directly adjacent to newly formed cpx. (b) Detail of fine-grained (size ∼0.25
µm) syndeformational reaction products at Pc ∼1000 MPa (Fig. 5.5d). The mineral as-
semblage consists of clinopyroxene (cpx), orthopyroxene (opx) and spinel (sp). The products
are dominantly dislocation-free.
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Figure 5.7: Representative microstructures of An-Fo composite 33AA after a combined de-
formation and hydrostatic experiment at Pc=1030 MPa (BSEM). Large strain (γ=5.8) was
followed by an additional 104 hour at hydrostatic pressure (ttotal=163.9 hr; ξ=0.78). Phases:
fo (olivine), an (anorthite), sp (opx+cpx+spinel), en (enstatite rim). (a) Thick ∼1-2 µm
enstatite rims formed. The SP-reaction product matrix has a granular texture. SP-rim struc-
tures are obliterated. (b) Detail of the bright SP-reaction product matrix. New phases appear
coarser-grained (sizes up to ∼1.5 µm) and grew into the plastically deformed anorthite grains
(Fig. 5.5d).
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Figure 5.8: Representative microstructures (BSEM) of An-Fo composite 55AA deformed at a
shear strain rate of γ˙=4x10−6s−1 and Pc=1040 MPa (ttotal=165 hr, γ=1.7; ξ=0.45). Phases:
fo (olivine), an (anorthite), sp (opx+cpx+spinel), en (enstatite rim). A shape preferred ori-
entation toward the shear direction developed after a small strain. Olivine grains have clear
enstatite rims. SP-reaction products form a continuous rim around anorthite grains.
the lower stress conditions caused a smaller reaction progress (ξ=0.45). However, the
reaction progress is still considerably larger after slow strain rate deformation than at
hydrostatic conditions (ξ=0.12; Fig. 5.5b). Hence it appears that even small amounts
of shear strain, in this case γ=1.7, enhance the reaction progress.
The experiments in the spinel peridotite field suggest that the extent of reaction is
dependent on the amount of shear strain and the shear strain rate. The reaction progress
decreases with shear strain for a fixed strain rate (Fig. 5.5d, 5.5c and 5.5a). The reaction
progress decreases with decreasing shear strain rate, i.e. during deformation at lower
shear stress conditions, for a fixed shear strain (Fig. 5.5d, 5.8 and 5.5b).
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5.5.2 Experiments in the garnet-spinel peridotite (GP) field
At hydrostatic conditions, reaction in the GP-field starts after shorter duration than
that in the SP-field, probably due to the greater pressure overstepping (700-900 MPa).
A continuous GP-rim forms (width ∼0.8 µm) at the An-Fo interphase boundaries after
59 hours at Pc=1510 MPa (ξ=0.27, Fig. 5.9a). Reaction progressed to ξ=0.73 after
168 hrs (Fig. 5.9b) and can be almost complete at rare sample locations (ξ >0.90, Fig.
5.9c). As in the SP-field, enstatite rims are pronounced at this high amount of reaction.
In the An-Fo sample deformed to small strain (γ=2.2) and peak shear stress condi-
tions at Pc=1460 MPa (Fig. 5.9d), reaction has progressed further (ξ=0.33) compared
to the Pc=990 MPa sample in the SP-field (ξ=0.08, Fig. 5.5c). Thin continuous GP-
rims of reaction products (width ∼1 µm) form along all An-Fo interphase boundaries.
The original anorthite and olivine grains are only slightly deformed and have a weak
shape preferred orientation.
After large strain at Pc=1630 MPa (γ=4.9), approximately 90% of the sample con-
sists of relict olivine grains embedded in a fine-grained reaction product matrix (Fig.
5.9e). This near complete reaction during shear deformation is achieved after only
fo
gp
an
Figure 5.9: Representative microstructures of An-Fo composites in the GP-field (BSEM).
Phases: fo (olivine), an (anorthite), gp (opx + cpx + spinel + garnet ±kyanite), en (enstatite
rim). (a) Hydrostatic sample 49AA at Pc=1510 MPa for 59 hours (ξ=0.27).
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Figure 5.9: (Continued: b) Hydrostatic sample 34AA at Pc=1510 MPa for 167.5 hours
(ξ=0.73). Enstatite and GP-reaction products form pronounced rims and indicate a transport-
controlled reaction. (c) Different location in sample 34AA, where reaction is almost complete
(ξ >0.90).
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Figure 5.9: (Continued: d) Sample 32AA deformed to peak stress conditions at Pc=1460 MPa
(ttotal=38.7 hr, γ=2.2, ξ=0.33). A shape preferred orientation toward the shear direction
developed. Olivine grains have a thin (width ∼1.0 µm) enstatite rim. GP-reaction products
form a continuous rim around anorthite. (e) Sample 28AA deformed to large strain at Pc=1630
MPa (ttotal=60.8 hr, γ=4.9). The An-Fo reaction is near complete in the centre of the sample
shear zone (image displays ξ=1.00). Relict olivine grains are embedded in a bright matrix of
GP-reaction products. GP-rim structures are obliterated. Olivine grains have rims and tails
of fine-grained enstatite.
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Figure 5.9: (Continued: f) Details of the shear zone ends of sample 28AA (Pc=1630 MPa;
ttotal=60.8 hr). The An-Fo composite is considerably less deformed than the centre (e). Here
anorthite grains endured but are strongly deformed and a have clear continuous GP-rim
(ξ ∼0.60).
61 hours (ξ=0.96), whereas only thin continuous rims developed at hydrostatic pressure
after 167.9 hours (Fig. 5.9a). Residual anorthite mainly persists near the much less
deformed ends of the sample (Fig. 5.9f). Fine-grained enstatite rims form tails on relict
olivine porphyroclasts inside the other fine-grained reaction products (Fig. 5.9e).
Distinctive reaction product microstructures form at high reaction progress in both
the deformed and hydrostatic samples in the GP-field. Hydrostatic growth of products
at Pc=1510 MPa results in relatively coarse-grained phases in the GP-rim. The reaction
product grains often appear as both blocky and fibrous (Fig. 5.10a). The interface
between the enstatite rim and olivine is relatively smooth, which suggests, like in the
SP-field experiments, that the reaction of olivine and anorthite in the garnet peridotite
field is transport-controlled (Fisher, 1978; Joesten, 1986).
The enstatite rims in the large strain sample at Pc=1630 MPa have more irregular
and lobate shapes (Fig. 5.10b), suggesting that enstatite is removed from the growing
enstatite rim during shear deformation by grain boundary sliding. The reaction product
matrix between the relict olivine clasts is finer-grained than that in the Pc=1510 MPa
hydrostatic sample (compare Fig. 5.10a and 5.10b), suggesting that new phases have
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Figure 5.10: Representative microstructures of reaction products in the GP-field (BSEM).
Phases: fo (olivine), gp (opx + cpx + spinel + garnet ±kyanite), en (enstatite rim). (a)
The bright hydrostatic reaction product matrix appears coarse-grained and has a needle-like
texture after 167.5 hours at Pc=1510 MPa (Fig. 5.9b; 34AA). enstatite rims are pronounced.
The en-fo interface is smooth. (b) The matrix of syndeformational GP-product contains dark
elongate minerals (single arrows), presumably kyanite. Enstatite rims around olivine are
continuous but have an irregular, lobate appearance (double arrows).
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remained small while syndeformational reaction progressed. Elongated and needle-
shaped phases occur in the internal parts of the reaction product matrix and are absent
in a ∼1.5 µm wide zone directly adjacent to the enstatite rims (Fig. 5.10b).
The fine-grained reaction products (size = 0.1-0.5 µm) after large strain at Pc=1630
MPa have been identified as opx, cpx, spinel, garnet (gt) and kyanite (Fig. 5.11).
This phase assemblage deviates strongly from the theoretically calculated equilibrium
assemblage of garnet peridotites in the NCFMAS-system (Eq. 5.2; Fig. 5.1). The new
phases appear heterogeneously mixed and are dislocation-free (Fig. 5.11a).
The TEM size of the needle-shaped kyanite grains (size ∼1 µm, Fig. 5.11b) ap-
proximately corresponds to the size of needle-shaped phases observed in the BSEM
images (Fig. 5.10b), which suggests that kyanite primarily occurs in the central parts
of the fine-grained reaction product matrix. The enstatite rims are characterised by
fine-grained (size <0.5 µm) opx grains directly adjacent to relict olivine. Olivine grains
frequently display dislocation walls, indicating dislocation creep (Fig. 5.11c). Disloca-
tion arrays in newly formed pyroxene grains with a somewhat larger grain size of ∼0.5
µm indicate some deformation by dislocation creep processes.
In the small strain sample deformed to peak stress conditions at Pc=1460 MPa
(γ=2.2; Fig. 5.9d), opx, spinel and garnet are typically observed as clusters of small
grains (0.1 to 0.5 micron in size) at sites of high dislocation densities in relict grains
(Fig. 5.11d). Relict anorthite and olivine grains contain local high dislocation densities
and poorly organised dislocation walls typical for low temperature plasticity (Chapter
4). Kyanite is not observed in low strain samples, only at larger shear strain (γ > 2)
and higher reaction extent (ξ >0.33).
5.5.3 Reaction rates
In summary, it is evident from the microstructural observations that plastic deforma-
tion of An-Fo composites enhances the reaction between anorthite and olivine. Plotting
the amount of anorthite transformation versus time indicates that hydrostatic reaction
progress at Pc ∼1500 MPa follows an exponential relationship with time (Fig. 5.12),
similar to other commonly observed reaction rates based on the Avrami equation (Av-
rami, 1939; Rubie and Thompson, 1985).
The amount of anorthite transformation in deformed samples in the GP-field is much
higher and appears linear with time for a fixed shear strain rate of γ˙ ∼4.0*10−5s−1 (Fig.
5.12). Nearly complete reaction is obtained after less than 35 hours of shear deformation
(γ˙=5.0*10−5s−1) in the garnet-spinel peridotite field, indicating a transformation rate
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Figure 5.11: Representative microstructures of syndeformational reaction products in the GP-
field (bright field TEM). (a) Typical syndeformational reaction products at Pc ∼1500 MPa:
spinel (sp), orthopyroxene (en), clinopyroxene (cpx) and garnet (gt) together with small <0.5
µm forsterite-rich olivine grains (fo). The products are dominantly dislocation-free. (b)
Needle-shaped kyanite (ky) formed after large strain (γ=4.9) at Pc=1630 MPa (28AA). The
dark spot inside the grain indicates the size of an EDS analysis.
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Figure 5.11: (Continued: c) Detail of 0.25 µm orthopyroxene grains (en) adjacent to a small
relict olivine grain (fo) after large strain at Pc ∼1500 MPa. The olivine grain contains a
disordered dislocation wall (arrow). (d) Garnet (gt), spinel (sp) and clinopyroxene (cpx)
formed adjacent to an anorthite grain (an) with a high dislocation density after small strain
(γ=2.2) at Pc ∼1460 MPa (32AA). Note also a dislocation-free anorthite grain in the top left.
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of ξ˙ ∼0.03 ξhr−1. This rate is lower in the samples deformed in the SP-field and
varies between the individual experimental runs. The rate varies from ξ˙ ∼0.02 ξhr−1
for the Pc=1160 MPa sample to ξ˙ ∼0.003 ξhr−1 for the Pc=990 MPa sample. In
the SP-field the relationship of reaction progress with time is unknown. Assuming a
comparable reaction progress after γ=5.8 and Pc=1030 MPa, ξ˙ decreases from 0.02
to 0.001 ξhr−1 when reaction was continued under hydrostatic conditions after shear
deformation. Thus, it appears that ongoing (active) deformation processes enhance the
reaction rate.
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Figure 5.12: Reaction progress ξAn versus time. Circles: hydrostatic experiments. Squares:
shear deformation experiments. Open symbols: experiments in the spinel peridotite (SP) field.
Solid symbols: experiments in the garnet peridotite (GP) field. Stars: the ‘hit point time’ of
deformation experiments (Table 5.2). Error bars are the standard error in mean vol.% of the
initial An-Fo volume ratio. The dashed line is an exponential curve fit of ξAn with time for
hydrostatic reaction in the GP-field (ξ = 1−exp(0.01 ·(30−t))). Solid arrows indicate the ξAn
obtained during deformation. Dashed arrows indicate how reaction continued hydrostatically
after a shear strain of γ ∼5.8 (top) and the unknown onset of hydrostatic reaction in the
SP-field (bottom).
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5.6 Quantitative analysis of reaction
5.6.1 Theoretical mineral reactions
Spinel peridotite reaction. Despite the differences in reaction progress and the
conditions at which reactions occur, hydrostatic and syndeformational reactions in the
spinel peridotite field result in fairly similar mineral assemblages. No differences are
observed between the final phase assemblages of hydrostatic and deformed samples at
Pc ∼1000 MPa.
The small grain size of the new phases makes it difficult to fully balance the mineral
reactions because of the lack of quantitative analysis of the phases. As mentioned earlier,
a further difficulty is the fact that the ratio of olivine + anorthite in the starting material
does not correspond to the stoichiometry of the reactions. Some olivine is always
left, whereas anorthite can be completely consumed (Fig. 5.7). In order to balance
the reactions, we have tried to use a theoretical equilibrium mineral assemblage from
thermodynamic calculations to fit the relative proportions of the phases.
The program THERIAK (de Capitani and Brown, 1987; de Capitani, 1994) is used
to calculate the theoretical equilibrium mineral assemblage for a 49-51 An-Fo vol.% bulk
sample and actual anorthite and olivine mineral compositions at the PT-conditions of
the experiments. THERIAK describes a mineral assemblage in terms of its stoichiomet-
ric coefficients of compositions of stable phases, their molar volumes and relative volume
percentages. The theoretical equilibrium mineral assemblage for the An-Fo composites
in the spinel peridotite field at 900◦C is independent of pressure and volumetrically
consists of 14% olivine (fo92+fa8), 34% orthopyroxene (en80+Al-Fe-Mg-opx10), 35%
omphacite (di89+jd8+hd3) and 17% spinel (sp85+hc15). Because olivine is stable before
and after reaction (Eq. 5.1), i.e. no olivine forms during the net reaction, the theor-
etical bulk composition of all reaction products in the SP-field consists of 39% opx +
41% cpx + 20% spinel (Table 5.3).
In a chemically closed system, the bulk composition of reaction products should
be equal to the sum of anorthite and olivine that are transformed by reaction. The
anorthite and olivine starting compositions are known (Table 5.1) and the estimated
volume percentages of anorthite, olivine and reaction rims in the BSEM-images (Table
5.2) are used to determine a bulk composition of reaction products.
The bulk composition of reaction products from image analysis is calculated by
subtracting the measured (final) An-Fo volume fractions (Table 5.2) from the 49-51
An-Fo vol.% starting material. The resulting ‘consumed’ An-Fo volume fraction is
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Theoretical equilibrium mineral assemblages:
*based on 49-51 An-Fo vol.% *based on image analysis
19AA 33AA 55AA 36AA
Stable minerals Products 1160 1030 1040 1030
Name N V/mol V(ccm) V(%) V(%) V(%) V(%) V(%) V(%)
Opx 0.486 64 31 34 39 36 38 34 37
Omph 0.484 67 33 35 41 37 40 35 40
Ol 0.284 45 13 14 8 3 14 3
Sp 0.392 41 16 17 20 18 19 17 19
*based on 51-49 An-Fo vol.% *based on image analysis
Opx 0.508 64 32 35 39 38 38 37 23
Omph 0.504 67 34 37 41 40 40 39 24
Ol 0.198 45 9 10 2 5
Sp 0.408 41 17 18 20 20 19 19 12
Plg 3 40
Table 5.3: Theoretical mineral assemblages at 900◦C in the spinel peridotite field. Calculations
are made with the program THERIAK and the Berman (1988) database (see Fig. 5.1 for the
applied solid solution models). The assemblages are calculated from the bulk compositions of
all reaction products (see text for details). Good agreement between the theoretical mineral
assemblages and those based on image analysis is indicated in bold. Confining pressures of
the experiments are indicated in MPa.
rewritten to moles (An92 = 101.23 cm
3mol−1, Fo93 = 45.02 cm3mol−1) and used as a
THERIAK input. The theoretical mineral assemblages were calculated for four SP-field
experiments and are described in terms of volume percentages of new minerals (Table
5.3). In order to account for variations in the bulk composition of the An-Fo starting
material, calculations were repeated using a 51-49 An-Fo vol.% bulk composition.
Although the volume ratios of phases in the fine-grained mixtures are unknown
due to their small size, the analysis indicates that the bulk composition of reaction
products estimated from the BSEM images corresponds quite well to a stable spinel
peridotite mineral assemblage (Table 5.3). It appears that opx is primarily partitioned
in the enstatite rim ( ∼22% in sample 33AA) and little in the SP-rim ( ∼1% in sample
33AA), which reflects BSEM observations (Figs. 5.5d and 5.7a). Considering the error
in volume percent measurements (±2%) and the occurrence of some olivine within the
reaction products matrix (Fig. 5.6a) the agreement with theoretical phase petrology is
excellent. The applied solid solution models proved to be suitable for the plagioclase-
spinel peridotite transition (Fig.5.1).
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The resulting net stoichiometric reaction in the SP-field that corresponds to the
relative proportions of phases in the microstructures is given by
0.47 an + 0.85 ol→ 0.47 opx + 0.47 cpx + 0.38 sp
It is interesting to note that the product assemblages in the analysed samples were
obtained by different pathways: unstrained at hydrostatic conditions (Fig. 5.5b), large
strain at high strain rate (γ=5.9; γ˙=4.7x10−5; Fig. 5.5d), small strain at low strain
rate (γ=1.7; γ˙=4.0x10−6; Fig. 5.8) and large strain followed by hydrostatic pressure
(γ=5.8; Fig. 5.7). Therefore, the final mineral assemblage of the reaction products in
the spinel peridotite field (Pc ∼1000 MPa) seems to be independent of the amount of
strain and the applied strain rates.
Garnet peridotite reaction. The correlation of theoretical equilibrium assemblages
and the observed reaction product assemblage in the GP-field experiments was not
possible. Orthopyroxene is not calculated for anorthite-olivine assemblage at 900◦C
and Pc=1630 MPa using THERIAK with the Berman (1988) database (Eq. 5.1; Fig.
5.1). However enstatite rims formed during hydrostatic and syndeformational reactions
(Fig. 5.9c and 5.9f). Better agreement is found with the mineral assemblage of the
Pc=1400 MPa garnet-spinel field or the experimental CMAS-data (Fig. 5.1), in which
opx is part of the stable garnet peridotite assemblage. The reason for the discrepancy
between the calculated and observed assemblages is probably due to the garnet solid
solution model in the NCFMAS-system.
The THERIAK software calculates a theoretical equilibrium assemblage at 900◦C
and Pc=1630 MPa which volumetrically contains a lot of garnet (43%; Table 5.4).
Although garnet is identified in the samples, it appears to make up far less than ∼40
vol.% of the reaction product assemblage (Fig. 5.11a). A volumetric (i.e. molar)
reduction of pyrope-rich garnet in the calculated mineral assemblage would provide
more magnesium to form additional opx and spinel. However, incorporating such a
modification in the calculations here is beyond the scope of this study and should be
addressed in future work.
The formation of kyanite grains during deformation cannot be explained by assum-
ing bulk equilibrium conditions in the samples. The presence of kyanite is due to local
disequilibrium. For example, reaction may have occurred between anorthite and adja-
cent reaction products. In order to examine to formation of syndeformational kyanite
in the GP-rims, THERIAK was used to calculate the theoretical reactions from bulk
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compositions that represent a deviation from the initial 0.8-2.0 An-Fo molar ratio. The
results of the calculations are summarised in Table 5.4.
Two potential reactions were identified to explain the occurrence of kyanite during
deformation at Pc=1630 MPa. (1) Kyanite (17 vol.%) and an intermediate plagioclase
(12 vol.% An74) form when anorthite and olivine react in a 2:1 molar ratio instead of
a 0.8:2 molar ratio. (2) Kyanite (34 vol.%) forms with some quartz (2 vol.%) during
reaction of anorthite with enstatite. It seems unlikely that reaction (1) occurred because
intermediate plagioclase was not observed using TEM in the Pc ∼1500 MPa samples.
Reaction (2) is likely to occur once the enstatite rims have formed around olivine.
The small amount of quartz may have remained undetected in the TEM samples. The
occurrence of this reaction suggests that transport in the fine-grained aggregates is very
limited and local equilibria may persist on a small scale.
Bulk Molar coefficients of stable phases, N
composition Omph Gt Ol Sp Ky Plg Cor Qtz
0.8 An+2 Fo 0.312 0.329 0.559 0.117
An+3 Fo 0.641 0.680 1.760 0.240
An+0.5 Fo 0.365 0.400 0.381 0.119 0.051
An+ En 0.984 0.038 0.883 0.118
An+2 En 0.804 0.491 0.429 0.571
Volume percentages (%)
Omph Gt Ol Sp Ky Plg Cor Qtz
49 An+51 Fo 23 43 28 5
43 An+57 Fo 20 38 37 5
82 An+18 Fo 24 47 17 12 1
50 An+40 En 59 4 35 2
43 An+57 En 38 40 13 9
Solid solution end members (%)
Omph Gt Ol Sp Ky Plg Cor Qtz
0.8 An+2 Fo di86jd12hd2 py75gr17al8 fo94fa6 sp89hc11
An+3 Fo di86jd12hd2 py74gr18al8 fo94fa6 sp88hc12
An+0.5 Fo di85jd13hd2 py52gr43al5 ky an74ab26 cor
An+En di92jd8 py86gr14 ky qtz
An+2 En di90jd10 py87gr13 ky qtz
Table 5.4: Theoretical mineral assemblages at 900◦C and Pc=1630 MPa. Calculations are
made with the program THERIAK and the Berman (1988) database (see Fig. 5.1 for the
applied solid solution models). The applied bulk compositions represent the original An-Fo
composite (0.8 An+2 Fo), local olivine enrichment (An+3 Fo) and depletion (An+0.5 Fo) and
anorthite-enstatite reaction (An+1 En, An+2 En). An = An92, Fo = Fo93. Kyanite (ky),
corundum (cor) and quartz (qtz) form when olivine is depleted or when anorthite reacts with
enstatite.
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5.6.2 Nucleation and growth of reaction rims
The rims in the deformed and hydrostatic An-Fo composites are quite similar in terms
of their microstructures and reaction rim sequence at all applied confining pressures.
The general structure of the double reaction rim can be denoted as:
An|Cpx+Fo+Opx+Sp|En|Fo and An|Cpx+Fo±Ky+Gt+Opx+Sp|En|Fo
in the SP-field and in the GP-field, respectively. Similar rim structures were studied
experimentally by Liu et al. (1997), who used the polymineralic rim growth rate k to
quantitatively compare bulk diffusion rates between dry and water-added anorthite-
olivine samples. The formation of an enstatite rim around olivine has been attributed
to transport-controlled mineral growth between anorthite and olivine (Joesten, 1978;
Mongkoltip and Ashworth, 1983) and olivine and quartz (Yund, 1997; Milke et al., 2001)
as well. The rims formed by the syndeformational and hydrostatic An-Fo reactions in
our samples are considered to be transport-controlled at a first level of interpretation.
Analogous to Liu et al. (1997), we measured the thickness of the enstatite, SP-
and GP-rims in order to make a quantitative comparison of rim growth rates between
the deformed and hydrostatic samples. Due to the complexity of the reactions, the
enstatite rim thickness is the most reliable measure to use in comparing all samples.
Unfortunately, the enstatite rim is not visible in BSEM-images after low reaction pro-
gress (ξ <0.10). Therefore the SP and GP rim thickness are needed for the comparison
as well.
The geometry of the reaction rims in the deformed samples can be somewhat obscure
due to the coalescence of reaction products into S-oriented layers (Fig. 5.5d). Therefore,
rims were only measured at locations with a clear ‘An|rim|Fo’ sequence perpendicular
to olivine and anorthite grain surfaces. Because the width of the rims can be rather
thin (width ∼1 µm), more than 50 measurements have been made in high quality 1600x
and 6400x magnification BSEM images at two different locations in the centres of the
samples. The GP-rim thickness in the large strain Pc=1630 MPa sample (Fig. 5.9e) was
measured near the ends of the sample shear zone, where a GP-rim structure can still
be observed (Fig. 5.9f). Laterally discontinuous rims are included (Fig. 5.5b,c), which
require some caution in interpretation because they are attributed to slow nucleation
instead of diffusion (Liu et al., 1997).
Transport-controlled rim growth is parabolic with time (X2 ∝ k ∗ t; Fisher, 1978),
thus thickness squared (X2 in µm2) of the enstatite, SP and GP rims is plotted versus
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the total time, ttotal, of the experiments (Fig. 5.13). All samples show Gaussian distri-
butions of rim widths. The mean rim thickness can be used to quantitatively compare
the rim growth rate k between hydrostatic and deformed samples.
The enhancement of nucleation rate by shear deformation is shown by the intercepts
of the linear growth rate on the time axis. The onset of nucleation of phases in hydro-
static experiments in the SP-field is rather delayed and does not occur before 70 hour
at Pc=1030 MPa (Fig. 5.12 and 5.13a). The nucleation time is reduced to 29 hours in
shear deformation experiments, which indicates that plastic deformation causes a faster
nucleation rate of new phases.
The hydrostatic nucleation time also decreases when the pressure overstepping is
increased into the GP-field (Fig. 5.13b). These results are in accord with an increase
of the rate of nucleation (Rubie, 1998) by a larger Gibbs free energy difference of
the An-Fo assemblage and the equilibrium assemblage. The start of the hydrostatic
reaction happens to coincide with the run-in time of the fast strain rate (γ˙=5.0*10−5s−1)
deformation experiments before the touch-point. Therefore, it can be assumed that the
onset of sample deformation in the GP-field occurred simultaneously with reaction.
The parabolic growth of GP- and enstatite rims in the hydrostatic samples indicates
that the hydrostatic reaction is indeed transport-controlled (Fig. 5.13b). Although the
nucleation time of phases in hydrostatic SP-field experiments is unknown, the growth
rate k in the GP-field appears higher than in the SP-field, i.e. k ∼0.02 µm2hr−1 for the
GP-rim and k ∼0.01 µm2hr−1 for the enstatite rim.
Shear deformation has a pronounced effect on the growth rate. Taking into account
the hit point time of the deformation experiments, the GP-rim growth during deform-
ation appears parabolic with time (Fig. 5.13b). The syndeformational GP-rim growth
rate (k ∼0.05 µm2hr−1) is more than twice as high as the hydrostatic growth rate. The
enstatite rim thickness is not parabolic with time, because shear displacement most
probably leads to progressive thinning of the rim when opx grains move from the rim
into tails (Fig. 5.9d).
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5.7 Discussion
5.7.1 Hydrostatic reaction mechanisms
Hydrostatic An-Fo reactions in the spinel and garnet peridotite field display a delayed
nucleation of new phases before the onset of reaction rim growth (Fig. 5.13). At
Pc ∼1000 MPa, no new phases are observed after ∼75 hours and at Pc ∼1500 MPa, the
first reaction products nucleate after ∼30 hours. The difficulty of nucleation of phases
is demonstrated by the formation of discontinuous reaction rims after 168 hours at
Pc=1030 MPa (Fig. 5.5b). The onset of hydrostatic nucleation occurred earlier in the
GP-field than in the SP-field because the rate of nucleation increases exponentially with
the difference in Gibbs free energy (Christian, 1975), and therefore with the amount of
pressure overstepping for pressure-sensitive reactions.
A ‘late’ onset of nucleation is common in laboratory studies on polymorphic phase
transformations, in which equilibrium boundaries need to be overstepped by at least
200 to 400 MPa before new phases nucleate experimentally (Rubie, 1998). A nucleation
barrier can be caused, for example, by the large dissimilarities between the structures
of the reactants and products (Rubie, 1998) or the slow transport rate to assemble the
chemical components.
The parabolic growth rate of hydrostatic reaction rims in the GP-field as well as
the strong microstructural analogy of the samples with other kinetic studies (Liu et al.,
1997; Milke et al., 2001) suggest that after the formation of the first new phases, growth
of the reaction rim under hydrostatic conditions is controlled by transport of chemical
components through a growing layer of reaction products. It is difficult to determine
the transport rate controlling components in our samples because the observed rim
structures do not represent a steady-state configuration (Joesten, 1978; Liu et al., 1997).
However, the observed growth rates can be used to compare the results to other studies.
The overall hydrostatic growth rate of the double reaction rim in the GP-field is
k ∼0.03 µm2hr−1 at Pc=1630 MPa. Liu et al. (1997) found a parabolic rate constant
of k ∼0.25 µm2hr−1 at 1000◦C and Pc=700 MPa in vacuum dried (250◦C) olivine-
anorthite samples. Also, they measured a X2 ∼30 µm after approximately 140 hours
at these P,T conditions. Our hydrostatic SP-samples, however, display a X2 <1 µm
after 168 hours at Pc=1000 MPa and 900
◦C. The difference of one order of magnitude in
growth rate as well as the large difference in X2 suggests that it is not only the 100◦C
lower temperature, but also the much lower water content of our samples which are
responsible for the limited rim growth. Hence, the hydrostatic samples indicate that
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the transport of chemical components is very slow due to the extremely small water
content of our samples. In the light of the fine-grained nature of the reaction products
and the reactants, it is likely that the transport mechanism is grain boundary diffusion.
Unfortunately, the rate of rim growth is unknown in hydrostatic SP-samples. There-
fore a direct comparison with the GP-samples is not possible. Yund (1997) showed that
the bulk transport rates through enstatite rims are independent of pressure in forsterite-
quartz experiments at Pc=210-1400 MPa and 950-1100
◦C, which suggests that similar
rim growth rates can be inferred for the SP- and GP-rims. However, it is observed that
discontinuous and continuous rims form after 168 hours at Pc=1000 MPa and Pc=1510
MPa, respectively.
It difficult to argue for an effect of H2O on the rim growth rates with increasing
pressure because reactions have taken place at water-deficient conditions. Therefore it
appears that the rates of transport at anhydrous conditions are not the same at different
overstepping pressures. The discontinuous SP-rims indicate that limited nucleation of
phases is important during the reaction at hydrostatic conditions. Hence, the higher
reaction progress at higher pressure overstepping is inferred to reflect the exponential
increase of nucleation with the difference in Gibbs free energy.
In summary, the hydrostatic reaction between anorthite and olivine can be described
as primarily transport-controlled at all our experimental conditions. However, the rates
of transport are extremely slow due to the anhydrous conditions of the samples. There-
fore, the progress of reaction strongly depends on the slow nucleation of new phases as
well. As the nucleation rate increases with the difference in Gibbs-free energy, higher
reaction rates are observed at larger pressure overstepping conditions.
5.7.2 Syndeformational reaction mechanisms
The enhancement of reaction in the deformed samples is most clearly expressed by
the earlier onset of reaction (formation of new phases, Fig. 5.13a) and the greater
increase in reaction progress with time, compared to the hydrostatic samples (Figs. 5.12
and 5.13b). The fact that the reaction rate is higher during deformation is indicated
by the decrease in reaction rate when plastic deformation processes are stopped at
Pc ∼1000 MPa (Fig. 5.12): although the transport-controlled reaction continues under
hydrostatic conditions, the rate of reaction decreases (Fig. 5.12).
The very low transport rate in the samples is indicated by the dynamic recrystallisa-
tion of anorthite (Fig. 5.6b). Dynamic recrystallisation of anorthite is not associated
with changes in composition in the Pc ∼1000 MPa experiment, although anorthite is
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metastable. This observation suggests that the driving potential for anorthite recrys-
tallisation is solely due to deformational energy stored in the crystals (in the form of
dislocations). Such dynamic recrystallisation of metastable phases is only possible if the
transport of the components needed for reaction is strongly inhibited. In other words,
the chemical equilibrium on a very local scale ( ∼1 µm) suggests a local chemically
isolated system. Such a situation is consistent with the dry conditions in the sample.
Due to the water-deficient conditions in the samples, and the corresponding slow
rates of transport, it is difficult to argue that transport of chemical components is
mainly controlling the rate of reaction during deformation. As described in the previous
section, the nucleation rate of reaction products is slow under hydrostatic conditions.
An increase in nucleation sites during the reaction may reduce the distances for the
transport of material. A smaller transport distance may cause new phases to nucleate
earlier and faster. Deformation-induced dislocations can enhance the nucleation rate,
which was demonstrated by experiments on the calcite-aragonite transformation during
ductile deformation Snow and Yund (1987).
In order to explain the effect of plastic deformation on reaction in our samples,
the microstructural development of the An-Fo composites with progressive deformation
must be considered. To do so, two categories of deformation processes are distinguished
and discussed: (1) the effects of small scale plastic deformation processes on the nuc-
leation of new phases and (2) the effects of shear displacement on the distribution of
new phases in the sample.
Effects of plastic deformation processes
Recovery processes in grains of anorthite and olivine, i.e. strain-induced grain boundary
migration, are initially inhibited by the presence of anorthite-olivine phase boundaries
(Chapter 4). As a result, the dislocation density increases continuously in anorthite and
olivine grains while deforming the samples to peak stress conditions. Dislocations in
anorthite and olivine, both individual dislocations and those in ordered and disordered
walls, increase the stored strain energy of the minerals and raise their Gibbs free energy
(e.g. Wintsch and Dunning, 1985; Stu¨nitz, 1998).
The nucleation of new phases is energetically favourable at higher dislocation dens-
ities because dislocations contribute to the energy difference that reduces the critical
nucleus size (Cahn, 1957; Rubie and Thompson, 1985; Lasaga, 1998). Thus, dislocations
act as ‘nucleating agents’, which decrease the free energy barrier needed for reaction.
The first macroscopic observations of heterogeneously distributed reaction products at
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Pc=990 MPa are made near peak stress conditions (Fig. 5.5c), which indicates that
nucleation assisted by dislocations may actually occur.
At hydrostatic conditions, the reaction starts approximately after 30 hours in the
Pc ∼1500 MPa experiments (Fig. 5.13b). This time approximately coincides with the
‘run-in’ time of the apparatus force piston to reach the hit point. Hence, reaction in
the Pc ∼1500 MPa deformation experiments may have started due to the increased
chemical driving potential approximately at the hit point. Nevertheless, a reaction
progress of ξ ∼0.30 is achieved in shorter duration during deformation to peak stress
conditions (ttot=39 hrs; Fig. 5.9d) than by reaction at hydrostatic conditions (ttot=59
hrs; Fig. 5.9a). The higher rate of reaction while loading the deformation experiments
to peak stress conditions suggests that the build-up of dislocations in anorthite and
olivine grains enhances the already nucleating mineral reaction.
After the onset of strain weakening, as the samples achieve large strains and high
reaction extent, progressive plastic deformation of the composites in the SP-field is
accompanied by low-temperature plasticity and some dynamic recrystallisation of both
the anorthite and the olivine (Chapter 4). Therefore, the strain energy resulting from
dislocations is expected to continuously contribute to the Gibbs free energy of the
minerals, although the decreasing stress should result in decreased dislocation densities.
The high dislocation densities and formation of dislocation walls continuously enhance
the nucleation of reaction products (Fig. 5.11c,d).
The net effect of dislocation-assisted reaction is reflected in the An-Fo composite
deformed at a low shear strain rate (Fig. 5.8). At γ˙ ∼4x10−6s−1, the An-Fo composite
deformation takes place at lower stress conditions (τ ∼60 MPa) than that at a strain
rate of γ˙ ∼5x10−5s−1 (Fig. 5.4b). Anorthite and olivine grains deform to a small
strain by dislocation and possibly diffusion creep mechanisms (see Fig. 4.2, Chapter
4). Recovery processes will be able to keep up with the build-up of dislocations at the
lower stress conditions. As a consequence, the anorthite and olivine grains display lower
dislocation densities. Therefore, the deformation-enhanced nucleation rate is reduced
and a lower rate of reaction is observed (ξ˙ ∼0.004 ξhr−1; Fig. 5.12) compared to that
in the composites deformed at γ˙ ∼5x10−5s−1 (ξ˙ ∼0.02 ξhr−1).
A reaction mechanism in which a transport-controlled reaction is aided by increased
nucleation due to dislocations also explains why a slower reaction rate is observed at
hydrostatic conditions in the SP-field (Fig. 5.12). The reaction rate decreases from ξ˙ ∼
0.02 to 0.001 ξhr−1 when plastic deformation is stopped at Pc ∼1000 MPa, and the
transport-controlled reaction continues under hydrostatic conditions. No new disloca-
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tions form in the reacting minerals in the absence of plastic deformation. Therefore,
the rate of nucleation decreases and consequently the rate of reaction as well. As
a consequence, the reaction product grains coarsen during the hydrostatic treatment
and the resulting microstructure has a more granular appearance then the deformation
experiments (compare Figs. 5.5 and 5.7).
Another important aspect is the overall reduction of grain size during syndeforma-
tional reaction. Dislocation creep in anorthite and olivine produced some dynamically
recrystallised grains with sub-micron sizes (size <0.5 µm; Figs. 5.6b). New phases can
form at the boundaries of such small metastable anorthite grains (Fig. 5.7b) because
they have a large surface area, which enhances the dissolution rate of material as well
as the nucleation of reaction products. Grain boundaries in general are known to be
very influential during reaction because they serve as primary pathways for diffusion
of chemical species (Farver and Yund, 1991). Experimental studies on plagioclase and
K-feldspar suggest that moving grain boundaries (and perhaps moving dislocations)
enhance the diffusion of chemical components through the minerals (Yund and Tullis,
1980, 1991). Static dislocations have no effects on the bulk diffusion (Yund et al., 1989).
Effects of shear displacement
The syndeformational reaction products accommodated displacement by grain bound-
ary sliding and remained fine-grained in comparison to hydrostatic products (Fig. 5.10).
The coarser microstructure of the products that formed at hydrostatic pressure suggests
grain coarsening of minerals by transport-controlled growth after initial nucleation (Fig.
5.7a and 5.10a). It is known from studies on natural shear zones that shear deformation
by grain boundary sliding leads to an increased dispersion of phases in the shear zone
(Kruse and Stunitz, 1999; Kenkmann and Dresen, 2002). A well-dispersed polyphase
nature of products hinders mineral grain growth by grain boundary pinning (Olgaard
and Evans, 1988; Olgaard, 1990). Therefore the shear displacement can suppress grain
growth of fine-grained reaction products. As a consequence, new reaction products must
nucleate continuously in order to achieve a higher reaction progress during deformation.
During progressive shear displacement at Pc= 1630 MPa, the reactants anorthite
and olivine literally become separated by the reaction product rims. Enstatite in the
tails of relict olivine grains extend into the fine-grained reaction product aggregates (Fig.
5.9e). The transport of enstatite into different parts of the sample by grain boundary
sliding may change the local chemical system, and therefore affect the course of mineral
reactions on a local scale. Also, because the rate of transport is so slow under these
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dry conditions, the local equilibrium conditions that anorthite grains ‘perceive’ in their
direct environment may deviate from the initial 0.83 An92 + 2.00 Fo93 bulk composition.
Therefore, it is likely that a kyanite-forming reaction occurred between anorthite and
enstatite (Table 5.4), due to the limited transport and the changes in local equilibrium.
Such additional reactions must have contributed to the total reaction progress as well.
In summary, the effect of plastic deformation of An-Fo composites on the reac-
tion kinetics under water-deficient conditions appears to be two-fold. First, the high
dislocation densities that form by plastic deformation processes enhance the nucle-
ation rate of reaction products. The enhanced nucleation during deformation assists
the transport-controlled reaction under water-deficient conditions. Secondly, the com-
bination of fast nucleation, slow transport and the ‘mechanical’ transport of material
through the sample by shear displacement affects the local equilibrium conditions. This
local equilibrium allows new mineral reactions. Higher reaction progress is achieved
during deformation as a net result.
Other effects of deformation on the reaction of anorthite and olivine might include
the distribution of stress in the sample. The initial stages of the shear deformation
experiments involve a pressurisation of the An-Fo composite up to shear strain of γ ∼1,
which in rock deformation studies using a solid-medium apparatus is most commonly
interpreted as elastic strain (de Ronde et al., 2004). However, such pressurisation may
cause internal stresses and if these are not overcome by viscoelastic relaxation, the
elastic strain in the minerals will contribute to the nucleation rate (Rubie, 1998).
There is also a possible effect of the higher mean stress on the reaction progress in
the deformed samples. The range of mean stress σm between peak stress conditions and
steady-state flow ranges from σm= 1200-1280 MPa and σm= 1740-1820 MPa, for the
Pc=1030 MPa (33AA) and Pc=1630 MPa (28AA) deformation experiments, respect-
ively. If the mean stress on a sample scale is comparable to a confining pressure, then the
deformation experiments have a greater pressure overstepping than the hydrostatic ex-
periments. Therefore it can be suggested that, due to a greater overstepping, deformed
samples display a higher reaction progress than the hydrostatic samples. However, we
infer that the increased mean stress on a sample scale during deformation is likely to
have only a small contribution to the enhancement of reaction. Large variations in dis-
location densities are observed in the olivine and anorthite grains, which suggest that
an uneven distribution of mean stress on the grain scale is more important.
An accelerated nucleation might have been triggered by nonhydrostatic stress on
the grain-scale. Experiments on the olivine-spinel transition demonstrated anisotropic
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growth of spinel nuclei during nonhydrostatic stress (Vaughan et al., 1984). Also, higher
pressures strongly influenced the nucleation rate of enstatite during forsterite-quartz re-
action (Yund, 1997). The mean stress acting on the An-Fo phase boundaries during
deformation was higher than the hydrostatic pressure. This may lead to anisotropic
growth of reaction products in, for example, the σ1-direction (Shimizu, 1992). Unfor-
tunately, no clear relationships of the location of new phases in planes perpendicular
to σ1 have been observed (Fig. 5.5c). Therefore, it is suggested that the main en-
hancement of nucleation and growth during deformation at Pc ∼1000 MPa is caused
by the dislocation-associated substructures in the minerals. Local stress concentrations
are probably important for these processes (Fig. 4.14, Chapter 4).
5.7.3 Geological relevance
The anorthite-olivine deformation experiments point to several implications for concur-
rent deformation and reaction in natural systems in general. The spinel peridotite field
experiments demonstrate that onset of reaction and shear deformation are concurrent.
This implies that the development of high reaction progress in shear zones is not ne-
cessarily a later event that concentrates in fine-grained ductile shear zones (e.g. Brodie
and Rutter, 1985).
Also, the high reaction progress during ductile deformation of An-Fo composites is
obtained at anhydrous conditions. Hence, a significant infiltration of water into ductile
shear zones does not seem to be a prerequisite for the localisation of metamorphic
reactions in shear zones. A similar conclusion was made by Kerrich et al. (1980), who
studied chemical transformations during ductile deformation of granite in the Mie´ville
shear zone. They observed that the localisation of reaction in the mylonite was not
associated with high fluid fluxes. Therefore there can be an increase in the reaction
rate by plastic deformation itself, and possibly not necessarily by fluid infiltration.
Rubie (1998) pointed out that metastable phases may form when reactions occur at
conditions of large overstepping due to a delayed nucleation. The similarity in reaction
products and rim structures of the hydrostatic and deformed SP-samples indicate that
reaction progress at fixed pressure-temperature conditions was independent of the de-
gree and the rate of ductile deformation. No metastable phases are formed during shear
deformation of An-Fo composites at ∼300 MPa pressure overstepping; however, a full
reaction progress was not reached in these experiments. Kyanite formed during shear
deformation to large strain at Pc=1630 MPa, as a consequence of local equilibrium
due to the slow transport rate of components. Therefore, it appears that the enhance-
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ment of nucleation by plastic deformation can cause the growth of phases that are not
part of the bulk equilibrium assemblage. However, this situation does not constitute
metastability but local equilibrium, caused by water-poor conditions with very limited
transport rates of chemical components.
The reversal of the investigated reaction is often observed in dry natural mylon-
itic shear zones in extensional tectonic settings, where mantle rocks are adiabatically
brought up to shallower levels in the crust and become chemically unstable (Furusho
and Kanagawa, 1999; Newman et al., 1999; Handy and Stu¨nitz, 2002). The investig-
ated pressure-temperature range in the experiments is realistic for such upper mantle
shear zones. Natural deformation takes place at slower strain rates (²˙ ∼10−14s−1) and
stresses. Although natural strain rates are slower, the deformation of upper mantle
rock can take place by dislocation creep mechanisms due to the larger grain sizes (for
example, sizes >100 µm in peridotite proto-mylonites, Newman et al., 1999; Handy and
Stu¨nitz, 2002).
As described in the previous sections, the deformation-enhanced nucleation rate is
reduced during deformation at lower strain rate, because there is a lower build-up of
dislocations in reactant minerals due to the lower shear stress. Therefore it is expected
that the enhancement of reaction by plastic deformation (by the contribution of disloca-
tions to the nucleation of new phases) will occur to a lesser extent in naturally deformed
rocks. However, grain-scale stress concentrations in minerals deforming by dislocation
creep, leading to a local increase of dislocation densities, probably occur in naturally
deformed polyphase rocks as well. Therefore the results of our experiments do apply to
natural cases of syndeformational reaction, and contribute to the understanding of the
processes that are involved in the concentration of metamorphosed rocks during plastic
deformation at water-deficient conditions in natural shear zones.
Retrograde reactions in the upper mantle are known to cause strain localisation
during the exhumation of upper mantle peridotites (Furusho and Kanagawa, 1999;
Newman et al., 1999; Handy and Stu¨nitz, 2002). A metamorphic grain size reduction by
the crystallisation of fine-grained phases causes the deformation mechanism to change
to grain size sensitive diffusion creep. Basement rocks can be dry for long periods
of time under metamorphic conditions, with only short and localised periods of fluid
infiltration (Rubie, 1986; Jackson et al., 2004). Therefore, the enhancement of reaction
by plastic processes during high stress deformation is important for the initiation and
continuation of strain localisation in the dry lower crust and upper mantle during crustal
thinning and extension.
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5.8 Conclusions
We studied the effects of plastic shear deformation on the kinetics of a transport-
controlled net transfer reaction between anorthite and olivine at water-deficient condi-
tions. For this purpose, we performed shear deformation and hydrostatic experiments
on anhydrous plagioclase-olivine composites at 900◦C and confining pressures of 1000-
1600 MPa. The principal conclusions of this study are as follows:
• Plastic deformation enhances mineral reaction in An-Fo composites at water-
deficient conditions. This enhancement is reflected by the increase of reaction
progress as well as the increase of the nucleation and growth rate of reaction rims
during deformation.
• At hydrostatic conditions, the formation of an enstatite rim around olivine with
a sharp enstatite-olivine interface, indicates that the reaction between anorthite
and olivine is controlled by the transport of chemical components. Comparison
of the growth rates of enstatite and pyroxene-spinel-garnet reaction rims to other
kinetic studies, implies that the water-deficient conditions in the studied samples
result in slow transport rates of chemical components. The studied reactions dis-
play a delayed nucleation of new phases, even at pressure overstepping conditions
of ∼700-900 MPa.
• During plastic deformation, the transport-controlled reaction between anorthite
and olivine is mainly enhanced by an increased nucleation rate of new phases. The
increased nucleation rate may be due to high dislocation densities in the reactant
grains.
• The mechanical transport of phases by grain boundary sliding may change the
local equilibrium conditions. Due to the limited transport of chemical species in
the sample, changes in the local equilibrium result in additional reactions and the
formation of metastable phases like kyanite. These reactions can contribute to
the overall reaction progress.
• The amount of pressure overstepping in the experiments affects the reaction pro-
gress in the An-Fo composites, because the rate of nucleation increases exponen-
tially with the Gibbs free energy of reaction and therefore with the amount of
pressure overstepping for pressure-sensitive reactions.
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Chapter 6
Conclusions and recommendations
for future work
The aim of this thesis is to investigate the relationships between the processes of plastic
deformation and mineral reactions in plagioclase-olivine composites. This chapter sum-
marises the principal conclusions of this thesis, in relation to the research aims stated
in Chapter 1. Additionally, recommendations and ideas are given for future work on
plagioclase-olivine rocks as well as for the general study on concurrent deformation and
mineral reaction in rocks.
6.1 Conclusions
Shear deformation and hydrostatic experiments performed on water-deficient plagioclase-
olivine composites at 900◦C, within a confining pressure range of 1000-1600 MPa and
at shear strain rates of 5x10−5s−1, show fundamental interrelationships of plastic de-
formation and reaction processes. The main conclusions of the thesis are described
below.
Relation between the distribution of strain and metamorphic reactions in
plagioclase-olivine composites
Deformation and reaction in the deformed samples are localised within 0.5-mm wide
shear zones. When analysing the reacting minerals for their fabric anisotropy (fabric
elongation) and shape preferred orientation (fabric angle with the shear plane) using
the autocorrelation function (ACF), a strong correlation between reaction progress and
deformation is demonstrated on a sample scale.
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The fabric anisotropy can be calibrated to quantify strain variations across the
sheared samples. There is a strong correlation on a sample scale between reaction
progress and strain; large shear strain is locally associated with high reaction progress.
Using the variations of fabric anisotropy, local strain variations across the sample can
be calculated using measurements of bulk finite strain for calibration. The total range
of local shear strain rate from the fastest to the slowest rate is approximately one order
of magnitude.
Effect of mineral reactions on the strength, deformation mechanisms and
microstructures plagioclase-olivine composites
Chemically stable labradorite-olivine composites strain-harden and are extremely strong
during shear deformation, regardless of the confining pressure. The strain hardening
is probably caused by labradorite-olivine interphase boundaries. These boundaries in-
hibit recovery processes that rely on grain boundary migration processes. This low
temperature plasticity deformation results in plagioclase and olivine grains with high
dislocation densities. Deformation takes place at high stresses and close to the brittle-
plastic transition.
Chemically unstable anorthite-olivine composites display a pronounced strain weak-
ening, i.e. a decrease in shear stress, during shear deformation at all chosen confining
pressures. The onset of the strain weakening coincides with the formation of fine-grained
polyphase reaction products (size ∼0.25-1.0 µm). The polyphase reaction products de-
form by a grain size sensitive creep mechanism (probably diffusion-accommodated grain
boundary sliding).
The onset of steady-state flow is associated with the coalescence of fine-grained
polyphase reaction product aggregates in interconnecting layers. On a grain-scale the
applied strain is localised and accommodated in these interconnecting layers of reaction
products. Strain partitioning into reaction product layers reduces the strain rate in
anorthite and olivine porphyroclasts. As a result, original anorthite and olivine grains
deform at lower strain rate conditions as well as lower stress, which enhance dislocation
climb.
The reaction weakening mechanism in anorthite-olivine composites is grain size re-
duction by crystallisation of fine-grained polyphase reaction products, which deform by
grain size sensitive creep. As a result, the mineral reaction causes a change in deform-
ation mechanism from grain size insensitive creep of the anorthite-olivine composite to
grain size sensitive creep of the reaction products. The measured reduction of shear
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stress at a constant strain rate confirms that this transition is the dominant deformation
mechanism of the samples.
Effect of ductile shear deformation on the reaction kinetics, mechanisms and
microstructures plagioclase-olivine composites
At hydrostatic and water-deficient conditions, the formation of an enstatite-rim around
olivine with a sharp enstatite-olivine interface, indicates that the reaction between
anorthite and olivine is controlled by the transport of chemical components. Com-
parison of the growth rates of enstatite and pyroxene-spinel-garnet reaction rims to
other kinetic studies, implies that the water-deficient conditions in the studied samples
result in slow transport rates of chemical components. The studied reactions display
a delayed nucleation of new phases (30 to ∼80 hrs), even at pressure overstepping
conditions of ∼700-900 MPa.
Plastic deformation of An-Fo composites enhances the studied mineral reactions
at water-deficient conditions. This enhancement is demonstrated by the increase of
reaction progress through an increase of the nucleation rate of products and of the
growth rates of reaction rims during deformation. The transport-controlled reaction
between anorthite and olivine is enhanced by an increase in the nucleation rate of new
phases. The increased nucleation rate may be caused by high dislocation densities in
the reactant grains that form during the low-temperature plasticity deformation.
The mechanical transport of reaction products by grain boundary sliding may change
the local equilibrium conditions. Due to the limited diffusion in the sample, changes
in the local equilibrium result in additional mineral reactions and the formation of
metastable phases. These reactions contribute to the overall reaction progress.
The amount of pressure overstepping in the experiments affects the reaction progress
in the An-Fo composites, because the rate of nucleation increases exponentially with the
Gibbs free energy of reaction and therefore with the amount of pressure overstepping
for pressure-sensitive reactions.
6.2 Geological applications
The relationships between plastic deformation and mineral reactions in plagioclase-
olivine composites have several applications to natural systems. Reactions between
olivine and plagioclase occur in high-pressure granulite-facies meta-troctolites and meta-
gabbros (e.g. Mongkoltip and Ashworth, 1983; Joesten, 1986; Lang et al., 2004). There
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probably is no direct correlation to these natural systems because the reaction would
tectonically only be realised in subduction zones where the temperatures are much lower
at the studied pressure range and other reactions are more likely to take place. How-
ever, the reversal of the investigated reaction is often observed in dry natural mylonitic
shear zones (Furusho and Kanagawa, 1999; Newman et al., 1999; Handy and Stu¨nitz,
2002), when mantle rocks become unstable during adiabatic decompression into shal-
lower levels in the crust. As solid-solid minerals reactions during deformation, the
studied minerals reactions may serve as a general example for such reactions.
The investigated pressure-temperature range is realistic for upper mantle shear
zones. Natural deformation takes place at lower strain rates (²˙ ∼10−14s−1) and stresses.
The grain sizes of the reaction products are likely to be somewhat larger in naturally
deformed rocks (e.g. sizes <10 µm, Newman et al., 1999), however grain-size sensitive
creep is obtained at larger grain sizes and slower natural strain rates (Fig. 4.2). De-
formation of upper mantle rock often takes place by dislocation creep mechanisms as
well due to the larger grain size in nature (for example, sizes >200 µm in peridotite
proto-mylonites, Newman et al., 1999; Handy and Stu¨nitz, 2002).
There are striking similarities in microstructures and inferred deformation processes
between the experimentally deformed plagioclase-olivine composites and plagioclase-
bearing ultra-mylonites in the North Pyrenean Zone (Newman et al., 1999; Handy
and Stu¨nitz, 2002). These studies on peridotite shear zones proposed that the decom-
pression reactions from garnet and spinel to plagioclase-bearing peridotites caused the
localisation of deformation in interconnecting layers and aggregates of fine-grained re-
action products. It is inferred that the reaction products deform at a higher strain rate
and accommodate deformation by grain size sensitive creep. Therefore, most studies
suggest that the metamorphic grain size reduction induces a change in the deformation
mechanism from grain size insensitive dislocation creep of the reactants to grain size
sensitive diffusion creep of the products.
The plagioclase-olivine experiments indicate that the processes inferred above may
occur during concurrent deformation and reaction. The pronounced decrease in flow
stress during mineral reaction at water-deficient conditions confirms that the change in
deformation mechanism is directly linked to the occurrence of the metamorphic grain
size reduction. The fact that the natural reaction is the reverse of the experimentally
studied one is of minor consequence of the underlying processes. It is the small size of
reaction products that changes the transition in deformation mechanism and not the
type of reaction product itself. Despite the fast experimental strain rates, our micro-
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structural results appear to correspond very well to the examples of strain localisation
in upper mantle shear zones. Therefore the experiments presented here provide a bet-
ter understanding of the processes involved in some cases of strain localisation as a
consequence of reactions in natural shear zones.
The inhibition of grain growth plays a major role during deformation because a
reduced grain size is required to preserve a strain-weakened material after grain size re-
duction. Significant grain growth of the reaction products would cause the deformation
mechanism to change back to grain size insensitive dislocation creep. As a consequence,
the stress will increase. In the reacted plagioclase-olivine composites, only limited grain
growth of the reaction product phases is observed after high strain (sizes <1.0µm),
and there is almost no increase flow stress after the strain weakening. This indicates
that grain growth of the reaction products was hindered during deformation. A well-
dispersed and polyphase nature of reaction products is crucial to the preservation of
a reduced grain-size. Therefore the effects of syndeformational net-transfer reaction
under anhydrous conditions are expected to be efficient in suppressing grain growth,
even during prograde metamorphic conditions. The preservation of a strain-weakened
material is important for stable deformation and therefore the continuation of localised
strain.
Greater reaction progress in shear zones is observed frequently in natural systems
(e.g. Kerrich et al., 1980; Brodie and Rutter, 1985; Marquer et al., 1985; Keller et al.,
2004), which is often attributed to the infiltration of water because a hydrous fluid
is an extremely effective catalyst in mineral reaction and mass transport (e.g. Rubie,
1986). However, the enhanced reaction progress during shear deformation of An-Fo
composites is obtained at water-absent conditions. Therefore, a significant infiltration
of water into ductile shear zones does not seem to be a prerequisite for the localisation
of metamorphic reactions in shear zones.
The onset of reaction and shear deformation are simultaneous in plagioclase-olivine
experiments in spinel peridotite field. This implies that the development of high reaction
progress in shear zones is not necessarily a later event that concentrates in already
deformed fine-grained ductile shear zones (e.g. Brodie and Rutter, 1985). Instead there
can be an increase in reaction rate due to plastic deformation itself, even in the absence
of fluids.
The dislocation creep of the An-Fo composite at a strain rate of γ˙ ∼4x10−6s−1 takes
place at lower stress conditions (τ= 50 MPa) than at a strain rate of γ˙ ∼ 5x10−5s−1
(Chapter 5). At lower stress conditions, recovery processes will be able to keep up
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with the build-up of dislocations, which will lead to smaller dislocation densities in
anorthite and olivine grains. As a result, the nucleation rate of new phases during
plastic deformation is reduced and the rate of reaction decreases. Because natural
rocks are deformed at even lower strain rates and stresses, it is expected that the
enhancement of reaction by plastic deformation will occur to a lesser extent in natural
deformed rocks. However, grain-scale stress concentrations in minerals deforming by
dislocation creep, leading to a local increase of dislocation densities, are likely to occur in
coarser grained natural deformed polyphase rocks as well. Thus, the results of this study
contribute to the understanding of the processes that are involved in the concentration
of metamorphosed rocks during plastic deformation at water-deficient conditions in
natural shear zones.
In summary, this study demonstrates the possibility of the localisation of deforma-
tion and reaction progress at water-deficient conditions. The fact that such conditions
can be reached at dry metamorphic conditions, is important for the occurrence of local-
isation of deformation in the upper mantle and lower crust (Lemoine et al., 1987; Drury
et al., 1991; Vissers et al., 1995, 1997). Basement rocks can be dry for long periods
of time under metamorphic conditions, with only short and localised periods of fluid
infiltration (Rubie, 1986; Jackson et al., 2004). Also, most rock-forming minerals are
solid-solution phases and their stability is likely to change along any given pressure-
temperature path during their tectonic history (e.g. Newman et al., 1999; Stu¨nitz and
Tullis, 2001). Therefore, the enhancement of reaction by plastic processes at high
stress deformation conditions is important for the initiation of reaction in metastable
lithologies and consequently for the localisation of deformation over a large pressure-
temperature range in the Earth’s crust and upper mantle.
6.3 Recommendations for future work
This thesis demonstrates that the study of concurrent plastic deformation and min-
eral reaction processes is highly interdisciplinary, and many new questions arose from
the experiments. This section proposes some recommendations for the extension and
improvements of this study.
1. The steady-state flow of chemically stable labradorite-olivine composites is un-
known from the data presented here. This work can be improved by experiments
that investigate (1) whether steady-state can be achieved in chemically stable
plagioclase-olivine composites at either higher temperatures or lower strain rates,
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and consequently (2) if the composite strain weakens by dynamic recrystallisation
of plagioclase and olivine grains, when recovery processes are not inhibited by in-
terphase boundaries and low-temperature plasticity. The flow stress of chemically
stable plagioclase-olivine composites should than be compared to the strength of
reaction-weakened plagioclase-olivine composites.
2. The preservation of small grains plays a major role in maintaining a weak ma-
terial after reaction weakening. This study suggests that the well-dispersed and
polyphase nature of reaction products is crucial to the preservation of a reduced
grain-size. A future study should quantify the spatial distribution and grain
growth of minerals in fine-grained polyphase reaction product aggregates that are
produced during shear deformation and at hydrostatic conditions. This would
test the preservation of weak material after reaction weakening.
3. Experiments on polymorphic phase transitions (e.g. Vaughan et al., 1984) as well
as theoretical studies point out that anisotropic growth of reaction products can
occur during non-hydrostatic stress. The direction of growth may be into the
direction of the highest mean stress (e.g. Shimizu, 1992; Wheeler, 1992). Such
effects are difficult to investigate by simple shear deformation. Coaxial experi-
ments could be performed in order to assess the influence of the mean stress on
the development of reaction, because of the constant direction of the principal
stresses.
4. The reversal of the reactions studied here is often observed during the exhumation
of natural garnet peridotites. So far, there are few experimental data on the
deformation behaviour of garnet and spinel or on metastable garnet-spinel-olivine
rocks at low pressures. This thesis points out that strong olivine-bearing rocks
can be deformed under chemical disequilibrium. Pioneering experiments at high
temperature (T >1000◦C) and low pressure (Pc <500 MPa) conditions should
be performed on garnet-olivine or spinel-olivine composites to test if the present
study can be applied to those rock types as well.
5. This thesis points out that plastic deformation enhances reaction progress, prob-
ably because dislocations in minerals may contribute to the nucleation of new
phases. It is known that dislocations contribute to the stored strain energy of
the minerals and raise their Gibbs free energy (e.g. Wintsch and Dunning, 1985;
Stu¨nitz, 1998). Although the theory to describe these effects does exist, there are
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very few experimental studies that are aimed at accurately determining the con-
tribution of dislocations to the free energy of reaction (Liu et al., 1995). Rock de-
formation experiments just below or at the actual phase transitions could provide
information on how much additional strain energy is required for reaction to nuc-
leate. Such an investigation would require a very good control on the location of
the phase transition in pressure and temperature space and well-known thermo-
dynamic and rheological data for the reacting minerals.
6. Further quantification of the relation between strain and mineral fabrics in re-
crystallised rocks is important. It was demonstrated in Chapter 3 that rock
deformation experiments are ideal for studying the relation between strain and
recrystallised mineral fabrics in shear zones, because the total amount of the shear
displacement is a known parameter. The possibility to deform rocks to very high
amounts of strain in laboratory experiments (up to γ ∼50 in torsion experiments)
is of great advantage. Systematic calibration of grain shapes (fabrics) at varying
amounts of strain would provide relations between rocks fabrics and the amount
of strain. Such an investigation would enable better quantification of the distri-
bution of strain in natural shear zones, in which the total displacement is often
unknown.
7. Chapter 5 describes how reaction rims developed during deformation and at hy-
drostatic conditions. During deformation at Pc=1630 MPa, kyanite formed as the
result of the limited diffusion in the samples and changes in the local equilibrium.
The interpretations in this thesis might benefit from an extended quantification
and balancing of the observed reactions using the mineral compositions of the
reaction products. The mineral compositions of these fine-grained (size <1 µm)
minerals could be obtained by calibrating the TEM-EDS micro-analyses with
EDS-SEM and Electron Microprobe data. If the balanced reactions are known, it
might be possible to study the diffusion of species in the deformed and undeformed
anorthite-olivine samples in more detail.
8. The deformation experiments presented in this thesis may serve as an alternative
for seeded hydrostatic experiments close to equilibrium. The plagioclase-olivine
deformation experiments at Pc=1000 MPa demonstrate that deformation close
to equilibrium conditions results in stable equilibrium phase assemblages in short
laboratory time-scales, irrespective of the amount and rate of deformation. The
syndeformational phase assemblages may be applied to provide feedback to exist-
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ing thermodynamic models and petrological phase relationships.
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Appendix A
List of experiments
This Appendix summarises the details of the experiments. All experiments were per-
formed at 900◦C. Symbols and abbreviations:
Title Subtitle Explanation
Experiment Location Brown University (BR), Basel University (BSL), Apparatus (Rig)
Sample Type An = Anorthite (An92), Lab = Labradorite (An60)
Fo = Forsterite (Fo93), BG = Balsam Gap dunite
GZ, M Powder grain size range (µm), Weight (mg) sample powder
Th Thickness sample (mm), measured after experiment
Forcing blocks Type AH = Aheim dunite, BG = Balsam Gap dunite
Q = quartz single crystal, SC = San Carlos single crystal
A(◦) Angle of the sample to the compression direction
S Forcing block surface: with grooves (gr), plain (pl)
Drying Drying at atmospheric pressure: all = dried pistons and powder
FB = forcing block only + ’as-is’ powder ( >72 hrs, oven dried 110◦C)
Cell Sample assemblies: ’molten salt’ (MS) or ’all salt’ (AS)
CrAl: used chromel-aluminium thermocouple instead of Pt-PtRh
Deformation HP(h) Duration at run conditions before the sample hit point.
Reaction Indication of amount mineral reaction: ++ (significant), + (partial),
± (little), - (sporadic nuclei), ( 6=) none, amp (nucleation of amphibole)
Strain trend Indication of mechanical trend, strain hardening and weakening
Comments Failed experiments (†), HP = hot pressing, Def = deformation
TC = thermocouple, FB = forcing block
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Appendix B
Mechanical data
This Appendix summarises the mechanical data of the general shear deformation ex-
periments in terms of axial load (N) versus axial displacement (mm) and shear stress τ
(MPa) versus shear strain γ. First the data are given for pure anorthite (An = An92),
labradorite (Lab = An60) and forsterite (Fo = Fo93) samples, followed by the data for
the Lab-Fo and An-Fo composites. Details of all the experimental runs are given in
Table A.2.
The shear stress and shear strain data were calculated using the program RigS
(Version 2.0). The source code of this program as well as an example input and output
file are given at the end of this Appendix. All data were corrected for apparatus
distortion: Brown experiments by 8.42*10−6 mmN−1 (1.05*10−3 inch kb−1, determined
by T. Tullis in 1976) and Basel experiments by 3.316*10−6 mmN−1 (determined by H.
Stu¨nitz in 2004). All shear stress and shear strain data include a friction correction of
922.65 Nmm−1 (determined by R.A. Yund at Brown University, in experiment W997 for
a 10−6 gear train) and a thinning correction. The initial plagioclase-olivine composite
thickness used in the thinning correction is an average thickness of hydrostatic samples.
Basel experiments: 0.506 mm (samples 16AA, 36AA, 44AA, 47AA and 32AA). Brown
experiments: 0.491 mm (samples W1045 and W1046).
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Axial load (N)
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Shear stress τ (MPa)
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Axial load (N)
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Shear stress τ (MPa)
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Fortran 77 source code for program RigS (Version 2.0)
C Program rigS2 (Standard Fortran 77 for MacOSX / Linux)1
C2
C The idea of this program is to read from a pre-existing input file:3
C ALL the sample specifications4
C ALL the necessary conversion factors and rig settings5
C ALL the calibrations6
C N, the number of (digitized) data points, and7
C F(N), D(N) = load and displacement in chart units8
C9
C T(N) is calculated from D(N) on the basis that the displacement10
C rate is constant, i.e. D(N) is linear function of time.11
C12
C If the input file does not exist, it has to be generated using13
C e.g., Edit II or and text editor.14
C This input file is meant to be explicit, no implicit15
C conversions or assumptions are "hidden" in the program.16
C Upon reading, the chart units are converted to17
C real t(n), f(n) and d(n), where t is in seconds,18
C f is in Newtons and d is in millimeters19
20
C 1. the displacement is corrected (rig stiffness); this correction can be zero.21
C 2. the load is corrected (friction); this correction can be zero.22
C there is no separate jacket correction.23
C 3. the differential stress is calculated for constant piston diameter24
C assuming constant cross-sectional area for the forcing blocks.25
C 4. across the shear zones, the flattening strain, is calculated,26
C parallel to the shear zone, displacement and gamma, are calculated.27
C 5. between consecutive points, flattening strain rate and shear strain rate28
C are calculated.29
C 6. the shear stress is corrected using a contact area correction, taking into30
C account the decreasing area of contact between the forcing blocks.31
C---> rigS assumes that the active contact area is the projection of the ellipse32
C parallel to the sample axis => max.contact at start of experiment.33
C---> rigS2 assumes that the active contact area is the projection of the ellipse34
C normal to the shearzone => max.contact after slip equals shear zone thickness35
36
C The output file contains a list of37
C t(n) time (s)38
C fc(n) load, after friction correction (N)39
C dc(n) displacement, after rig stiffness correction (mm)40
C s(n) 1/2 of differential stress (MPa)41
C v(n) shear stress, after contact correction42
C o(n) flattening strain across shear zone dth/th0 (%)43
C om(n) magnitude of flattening strain across shear zone44
C ot(n) rate of flattening strain magnitude (multiples of 10-6 s-1)45
C g(n) shear strain gamma46
C gm(n) strain magnitude from shear strain47
C gt(n) shear strain rate (multiples of 10-6 s-1)48
C From this file various plots can be generated e.g., using Kaleidagraph49
C50
C This program has been developed from a previous version of rigC,51
C which has been compiled (copied and pasted) from a number of52
C precursor programs (such as RIGCX etc.) written for the Griggs53
C apparatus at Brown Univ. and from another program (RIG) written for54
C the Heard apparatus at ETH Zürich.55
C56
C Brown, August 2001 RH57
C adapted for MacOSX November 200358
C new thinning correction August 200459
60
61
program rigS262
* creates stress-strain curves from digitzed coordinates63
* of load-time and dislacement-time records64
65
192
*---from input file66
*---sample identification67
* samplename name of sample (text)68
69
*---sample geometry70
* sdia sample diameter (mm)71
* alfa angle of precut with axis72
* th0 initial thickness of shear zone73
* thf final thickness of shear zone74
75
*---starting points (hit points)76
* d0,f0 starting values of displacment and load in chart units77
78
*---conversion factors79
* gspeed gear speed (displacement rate)80
* convd chart units -> displacement (mm)81
* convf chart units -> load (N)82
83
*---calibrations84
* distor distortion of rig mm / N85
* friction friction correction N / mm86
87
*---no.of data points88
* n number of d/f data points89
90
*---data points91
* F load (y coordinate) in chart units92
* D displacement (y coordinate) in chart units93
* NOTE !!! F and D have to be defined for the same T values94
95
*---variable names and factors after read & conversion96
97
* t time (x coordinate), true time (s)98
* f load (y coordinate), uncorrected (kN)99
* d displacement (y coordinate), uncorrected (mm)100
101
* variables used102
dimension t(200), f(200), d(200), fc(200), dc(200)103
dimension s(200), a(200), g(200), gt(200), v(200)104
dimension o(200), om(200), ot(200),gm(200)105
dimension dz1(200), dz2(200), th(200), ds(200)106
character*80 header, dummy107
character*40 infile, outfile108
109
data nmax / 200/110
data pi / 3.14159/111
slipcorr = 1112
113
* ask file names114
write(6,*) ' filename of input file:'115
read(5,'(a)') infile116
write(6,*) ' filename of output file:'117
read(5,'(a)') outfile118
119
* header for output file120
write(6,'(a)') ' header for output file > '121
read (5, '(a)') header122
123
* open file124
open(unit=1,file=infile, status='OLD',125
. form='formatted', access='sequential')126
read(1,'(a)') dummy ! "filename"127
read(1,'(a)') dummy ! "sdia, alfa, th0, thf"128
read(1,*) sdia, alfa, th0, thf129
write(6,*) sdia, alfa, th0, thf130
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read(1,'(a)') dummy ! "d0,f0"131
read(1,*) d0,f0132
write(6,*) d0,f0133
read(1,'(a)') dummy ! "gspeed, convd, convf"134
read(1,*) gspeed, convd, convf ! 1.834E-05 mm/s ! 10-6 gear135
write(6,*) gspeed, convd, convf136
read(1,'(a)') dummy ! "distor, friction"137
read(1,*) distor, friction ! 8.42E-06 mm/N ! 1.05E-03 "/kbar (1976 T.Tullis)138
write(6,*) distor, friction ! 922.65 N/mm ! .01848 slope (w997)139
read(1,'(a)') dummy ! "n"140
read(1,*) n141
write(6,*) n142
read(1,'(a)') dummy ! "d(i), f(i)"143
do i=1,n144
read(1,*) d(i), f(i)145
write(6,*) d(i), f(i)146
enddo147
148
* close file149
close (unit=1)150
if (n.ge.200) write(6,'(a)') ' file is too long, max.no. = 200'151
if (n.ge.200) go to 9999152
153
* conversions154
do k=1,n155
i=n+1-k156
d(i+1)= (d(i)-d0)*convd157
f(i+1)= (f(i)-f0)*convf158
t(i+1)= d(i+1)/gspeed159
enddo160
161
t(1)=0.162
f(1)=0.163
d(1)=0.164
n=n+1165
166
write(6,'(a)') ' t(i) sec, d(i) mm, f(i) N'167
do i=1,n168
write(6,*) t(i), d(i), f(i)169
enddo170
171
* convert172
*1---- rig distortion: d -> dc173
do i=1,n174
dc(i) = d(i)-f(i)*distor175
enddo176
177
*2---- friction: f -> fc (using uncorrected d)178
do i = 1,n179
fc(i) = f(i)-d(i)*friction180
enddo181
182
*3---- load to differential stress: fc -> s183
r = 0.5 * sdia184
area = 3.14159 * r * r ! r in mm2185
* N/mm2 = MPa since N/m2 = Pa186
do i=1,n187
s(i) = fc(i) / area188
enddo189
190
*4---- strain calculations191
*4a--- thickness correction for shear zone192
193
* final (total) values for dz1, dz2, dr194
do i=1,n195
194
th(i)=th0196
enddo197
alfa = alfa * pi/180.198
sinalfa = sin (alfa)199
cosalfa = cos (alfa)200
tanalfa = sinalfa/cosalfa201
202
* find proportion (dz1(i) : dc(i)) from final (dz1tot : dc(n))203
dz1tot = (th0-thf) / sinalfa204
proportion = dz1tot / dc(n)205
do i=1,n206
dz1(i) = proportion * dc(i)207
dz2(i) = dc(i) - dz1(i)208
th(i) = th0 - dz1(i) * sinalfa209
ds(i) = dz2(i) / cosalfa210
g(i) = ds(i) / th(i)211
enddo212
213
214
*4b--- flattening strain215
do i=1,n216
o(i) = (th0-th(i))/th0217
enddo218
219
*4c--- total strain magnitude220
write(6,*) ' dz1(i),th(i),dslip(i),g(i),s(i),o(i),om(i),gm(i)'221
do i=1,n222
om(i) = smag(o(i))223
gm(i) = smags(g(i))224
write(6,'(8f10.4)')225
. dz1(i),th(i),ds(i),g(i),s(i),o(i),om(i),gm(i)226
enddo227
228
*5--- strain rate between two consecutive points229
ot(1) = 0.230
gt(1) = 0.231
do i=1,n-1232
j=i+1233
tdif=t(j)-t(i)234
if(tdif.ne.0.) ot(j) = (o(j)-o(i))/tdif235
if(tdif.ne.0.) gt(j) = (g(j)-g(i))/tdif236
enddo237
238
*6--- slip correction (="area" correction) for reduced piston overlap239
* assuming max. overlap occurs after slip = 1*thickness of sample (if 45°)240
* or else slip necessary to oppose corresponding edges at right angle241
* (after suggestion by Terry Tullis 19.8.2004)242
if (slipcorr.eq.0) go to 1010243
do i=1,n244
slip = th(i)/tanalfa245
contact = (ds(i) - slip)/ (sdia / sinalfa)246
v(i) = 0.5 * s(i) / ACF(contact)247
C write(6,*) ' th, slip, contact, acf ', th(i), slip, contact, ACF(contact)248
enddo249
250
1010 continue251
252
* write output file253
open(unit=1, file=outfile, status='new',254
. form='formatted', access='sequential')255
256
* time - displacement - force - sigma - tau257
* flattening strain (%) - fl. strain magnitude258
* gamma - flat rate - gamma rate259
* last two (*1000) times thousand = parts per thousand "ppt"260
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* and (*1'000'000) times million = parts per million "ppm"261
262
write(1,'(1x,a)') outfile263
write(1,'(1x,a)') header264
write(1,3000)265
3000 format(' t(s)',t10,'d(mm)',t20,'F(N)',t30,'sig(MPa)',266
. t40,'tau(MPa)',t50,'flat(%)',267
. t60,'fl_mag()',t70,'gamma()',t80,'g_mag()',268
. t90,'fl_rate(-6s-1)',t105,'g_rate(-3s-1)'/)269
270
do i=1,n271
o(i)=o(i)*100272
ot(i)=ot(i)*1000000273
gt(i)=gt(i)*1000274
write(1,'(11e12.5)')275
. t(i),dc(i),fc(i),s(i),v(i),o(i),om(i),g(i),gm(i),ot(i),gt(i)276
enddo277
close(unit=1)278
9999 continue279
280
end281
282
* function smagstrain mag from shortening strain delta_l/l0283
function smag(del)284
smag = 0.285
if(del.le.0.0) go to 100286
e = 1.-del287
e1 = alog(e)288
e2 = alog(sqrt(1./e))289
e3 = e2290
e1e2 = e1-e2291
e2e3 = e2-e3292
e3e1 = e3-e1293
oct = (e1e2*e1e2)+(e2e3*e2e3)+(e3e1*e3e1)294
smag= 0.57735*sqrt(oct)295
100 return296
end297
298
* function smags strain mags from gamma of simple shear299
function smags(g)300
smags = 0.301
if(g.le.0.0) go to 100302
qe = 0.5*(g*g+2.+g*sqrt(g*g+4.))303
e = sqrt(qe)304
e1 = alog(e)305
e2 = alog(1./e)306
e3 = 0.307
e1e2 = e1-e2308
e2e3 = e2-e3309
e3e1 = e3-e1310
oct = (e1e2*e1e2)+(e2e3*e2e3)+(e3e1*e3e1)311
smags= 0.57735*sqrt(oct)312
100 return313
end314
315
* function ACF316
* 3rd order polynomial fit to plot profile of ACF of circle (NIHImage)317
* modified to calculate ACF of negative x 20.8.04318
function ACF(x)319
if(x.lt.0.) x=-x320
acf= 1.00 - 1.2082*x - 0.19134*x*x + 0.39461*x*x*x321
return322
end323
324
196
Input template for program RigS (Version 2.0)
[samplename]
sdia (mm) alpha (°) thick0 (mm) thickfinal (mm)
[sample diameter] [shear angle] [initial thickness] [final thickness]
d0 (chartdiv) f0 (chartdiv)
[displacement at hitpoint] [force at hitpoint]
gearspeed (mm/s) convd (mm/chartdiv) convf (N/chartdiv)
[gearspeed] [conversion displacement] [conversion force]
distortion (mm/N) friction (N/mm)
[distortion] [friction]
n
[number of data points from chart record]
d(i) f(i)
[list datapoints, displacement force]
[displacement force]
[displacement force]
[displacement force]
Input example for program RigS (Version 2.0)
W978
sdia (mm) alpha (°) thick0 (mm) thickfinal (mm)
6.231 45.0 0.491 0.415
d0 (chartdiv) f0 (chartdiv)
21.50 32.60
gearspeed (mm/s) convd (mm/chartdiv) convf (N/chartdiv)
1.834E-05 0.0254 395.87
distortion (mm/N) friction (N/mm)
8.42E-06 992.65
n
14
d(i) f(i)
25.00 41.00
29.00 51.10
32.90 61.00
36.50 71.00
40.10 78.30
44.10 83.40
48.50 85.90
50.50 86.10
53.00 85.80
57.50 82.50
62.50 77.00
67.40 72.00
72.10 68.70
76.50 67.00
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Output example of program RigS (Version 2.0)
W978
t(s) d(mm) F(N) sig(MPa) tau(MPa) flat(%) fl_mag() gamma() g_mag() fl_rate(-6s-1) g_rate(-3s-1)
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4847.30 0.06 3237.10 106.16 56.25 0.74 0.01 0.16 0.11 1.52 0.03
10387.00 0.13 7134.50 233.97 122.32 1.56 0.02 0.35 0.24 1.48 0.03
15788.00 0.19 10955.00 359.27 185.43 2.35 0.03 0.53 0.37 1.48 0.03
20774.00 0.25 14823.00 486.11 248.11 3.05 0.04 0.69 0.48 1.41 0.03
25760.00 0.32 17622.00 577.91 291.24 3.86 0.05 0.88 0.60 1.62 0.04
31300.00 0.40 19540.00 640.81 322.95 4.89 0.06 1.12 0.76 1.84 0.04
37394.00 0.51 20419.00 669.63 344.16 6.13 0.08 1.43 0.94 2.05 0.05
40164.00 0.56 20448.00 670.57 348.01 6.74 0.09 1.58 1.02 2.18 0.05
43626.00 0.62 20266.00 664.61 349.30 7.52 0.10 1.78 1.13 2.25 0.06
49858.00 0.75 18846.00 618.04 333.09 9.03 0.12 2.17 1.33 2.43 0.06
56783.00 0.89 16543.00 542.51 301.30 10.78 0.14 2.64 1.54 2.53 0.07
63569.00 1.03 14440.00 473.55 271.06 12.49 0.16 3.12 1.74 2.51 0.07
70079.00 1.16 13015.00 426.82 251.44 14.06 0.19 3.58 1.90 2.42 0.07
76172.00 1.28 12231.00 401.11 242.69 15.48 0.21 4.00 2.04 2.33 0.07

Appendix C
Analytical data
C.1 Electron Microprobe
This section contains the compositions of Blumone gabbro anorthite and A˚heim dunite
olivine. All measurements were obtained with a JEOL JXA-8600 Electron Microprobe,
15 kV acceleration voltage and the PROZA Correction. Standardisation for anorthite
analyses was made using a defocused beam. Anorthite was analysed in a thin section of
the Blumone gabbro hand sample that was used as the source rock for the anorthite in
this study. A˚heim dunite olivine was measured in the forcing blocks (FB) and sample
shear zone (SZ) of samples W1028, W1040 and W978.
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C.2 FTIR Spectrometry
This section contains unprocessed infrared adsorption measurements of hydroxyl in oliv-
ine of A˚heim and Balsam Gap dunite forcing blocks. These measurements were used
to determine the relative differences in water content between the samples. Measure-
ments were made in a 1000-4000 cm−1 wave number range at room temperature using
a Brukner High Resolution FTIR spectrometer at the Bayerisches Geoinstitut (Ger-
many). Doubly polished sections of ∼0.1 mm in thickness were used with aperture
50-100 µm and 100 scans. A poly-chlortrifluor-ethylen oil was applied to increase the
thickness around the sample. Sample 34AA was analysed at the Institute of Mineralogy,
University of Hannover (Germany), using a ∼0.1-0.2 mm thick section, 50 scans and
an aperture of 60*60 µm.
Wavenumber (cm-1)
300032003400360038004000
-0
.1
5
-0
.1
0
-0
.0
5
0
.0
0
0
.0
5
0
.1
0
0
.1
5
A
b
s
o
rb
a
n
c
e
 U
n
it
s
good measurement
intracrystalline H
2
O
3613 3568 3424 3214
acetone
sample interference
water-range olivine
epoxy
vapour
background noise
Figure C.1: General features to the FTIR spectra in the 3000-4000cm−1 wave number range.
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Figure C.2: FTIR spectra of hot pressed An-Fo samples with Balsam Gap forcing blocks. (a)
Dried samples and forcing blocks (6 hrs, 1000◦C). (b) As-is samples ( >72 hrs, oven dried
110◦C) and dried forcing blocks (24 hrs, 1000◦C).
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Figure C.3: FTIR spectra of deformed samples. (a) Pure olivine experiments with dried
samples and forcing blocks (6-14 hrs, 1000◦C). (b) Lab-Fo experiments with dried samples
and forcing blocks (6-12 hrs at 1000◦C).
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Figure C.4: FTIR spectra of deformed An-Fo samples. (a) Dried samples and Balsam Gap
forcing blocks (6 hrs, 1000◦C). (b) Dried samples and A˚heim forcing blocks (12 hrs, 1000◦C).
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Figure C.5: FTIR spectra of deformed (a) and hydrostatic (b) An-Fo samples with A˚heim
forcing blocks. Samples and forcing blocks were dried for 12 hrs at 1000◦C.
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Figure C.6: FTIR spectra of hydrostatic An-Fo sample 34AA, measured at the Institute of
Mineralogy, University of Hannover (Germany). As-is sample ( >72 hrs, oven dried 110◦C)
and dried forcing blocks (24 hrs, 1000◦C).
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